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PREFACE 


ELECTROMETRIC titrations may be divided into two classes: 


a. Conductometric Titrations, in which the end-point is 
detected by measuring the change of electrical conductance 
during the titration-and plotting the value thus obtained on a 
graph. For details the reader is referred to the monograph of 
I. M. Kolthoff, “Die Konduktometrischen Titrationen,” pub- 
lished by Th. Steinkopf, Dresden, 1923. 

b. Potentiometric Titrations, in which the end-point is 
detected by measuring the change in potential of a suitable 
electrode during the titration. 

There is a very great difference between the principles upon 
which the two methods are based, and therefore it is not entirely 
correct to refer to either of the two methods by the general 
name “ electrometric titration,” as is often done. (Cf. Erich 
Miiller, “‘ Die Elektrometrische Massanalyse.’”’) In order to 
avoid confusion, the authors hope that in the future the names 
“potentiometric” and “conductometric”’ titrations will be 
generally adopted. In this book they will discuss only poten- 
tiometric titrations. 

It is their intention to attempt to make the theoretical con- 
siderations as general as possible. Therefore all oxidation- 
reduction reactions have been discussed on a common basis 
with other reactions so that one may work with them from the 
standpoint of the law of mass action. The advantage thereby 
gained is that all of the equations are of importance not only for 
potentiometric systems, but are also of equal value for ordinary 
titrations. For this reason a full treatment of reaction constants 
and of the change of ion concentrations in the vicinity of the 
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equivalence-point (usually called, incorrectly, the end-point) 
is given in the first three chapters. If we know the sensitivity 
of an indicator for any special ion which is under consideration, 
it is very easy to calculate the accuracy of the titration—or the 
titration error—in any case. 

In Chapters IV and V the authors apply the material of the 
preceding chapters to potentiometric titrations. The reader 
will also find there a mathematical discussion of the change of 
the ion exponent and electrode potential in the neighborhood of 
the equivalence-point. The authors are indebted to Dr. A. L. 
Th. Moesveld of the van’t Hoff Laboratory, Utrecht (Holland), 
for his aid in the derivation of these equations. They wish to 
emphasize the fact that the mathematical discussion is of more 
theoretical than practical importance. They have considered 
it of importance to develop the mathematical side of the ques- 
tion in the interest of clearer understanding of what occurs near 
the end-point, and also for the exact calculation of the titration 
error. 


Part II, which deals with practical applications, is divided 
into two parts: 


The first part contains a general description of the technique 
of potentiometric titrations. The authors are indebted for 
many valuable details to the excellent book, ‘“ The Determina- 
tion of Hydrogen Ions,” by W. M. Clark (Baltimore, 1922), 
and to ‘‘ Die Elektrometrische Massanalyse,” by Erich Miiller, 
(2d Ed., Steinkopf, Dresden, 1923). 

In the chapters dealing with special determinations, the 
authors have described the reactions to which the potentiometric 
method is applicable. Especial attention is called to the gen- 
eral part, which treats the following topics: the electrode 
material; characteristics of electrodes; influence of foreign sub- 
stances, and of temperature, on the titration curve. 

For minute details the reader is referred to the original 
literature concerning potentiometric titrations. The authors 
have attempted to make full acknowledgment of the use of this 
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literature. They will be glad to have their attention called to 
any gaps in their list of literature references. 

They hope they have shown in this book that analytical 
chemistry is not merely an empirical branch of the subject, 
rendering servile assistance to the whole, but that it is rather a 
science in itself, for the rational development of which a thorough 
understanding of physico-chemical principles is necessary. 
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POTENTIOMETRIC TITRATIONS 


Part I 


FUNDAMENTAL PRINCIPLES 


CHAPTER I 


PRINCIPLES OF PRECIPITATION AND NEUTRALIZATION 
REACTIONS 


1. Ions and Ionic Reactions.—In the study of potentiometric 
titrations we are constantly dealing with the reactions of ions. 
As is well known, electrolytes may be classified as strong and 
weak. According to the theory of Arrhenius, strong electrolytes 
in solution are in the main dissociated into their ions. The 
degree of dissociation, i.e., the portion of 1 gram mole that is 
dissociated, decreases with increasing concentration of the elec- 
trolyte. According to the more modern conceptions of Bjerrum 
and Debye, strong electrolytes are completely dissociated. 
Owing to interionic forces, however, the activity of the ions 
decreases with increasing concentration of the electrolyte. 
Although the latter theory is in closer accord with the facts, it 
is not necessary for the student of potentiometric titrations to 
adhere rigidly to either, since it will suffice for his purpose to 
assume that strong electrolytes are completely dissociated in all 
concentrations (Arrhenius) or that the ions have unit activity 
(Bjerrum). The authors are fully conscious of the small error 
in this assumption, and choose to disregard it because it is with- 
out influence upon the theoretical treatment of potentiometric 
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titrations. Hence, if we consider a 0.1 molar solution of a strong 
electrolyte BA, we have: 


(Bae. (AS e0 ea Oa 


in which the brackets represent concentration. [B+] is the 
cation concentration; [A~] is the anion concentration. Instead 
of expressing the ion concentration as such, the authors will 
often designate it by another term, which was first proposed by 
S. P. L. Sorensen, viz., the ion exponent, ~;. The ion exponent 
is the negative logarithm of the ion concentration. Therefore: 
pr = — log] = 
log [I] 

This mode of expression is of great practical advantage. Dur- 
ing the course of a titration the ion concentration changes over a 
considerable range. Let us consider, for example, the titration 
of 0.1 N silver nitrate solution with potassium iodide. In this 
case the silver-ion concentration changes from 10-! N to 10-5 N, 
if the iodide concentration is 10-! N at the end. Hence the 
silver-ion concentration decreases 1014 fold during the titration. 
Now, if we should wish to represent graphically the course of the 
titration as a function of the amount of reagent, it would be 
practically impossible to choose the unit of concentration in 
such a way that we could present the whole course. If, however, 
we express the ion concentration by the ion exponent, we have 
in this instance a change in pag from 1 to 15, i.e., an increase 
of 14 units. As the ion exponent is the negative logarithm of 
the concentration, it increases with decreasing concentration. 
We must bear in mind the fact that a small error made in the 
determination of the ion exponent is magnified many times when 
we express the result in ion concentration. For example: 


Pag = 4.0 [Ag*] =105<¢ 107% 
Pag = 4b [Ag*] = & x 10-5 


A difference of 0.1 in fag, in this example, corresponds to a 
20 per cent difference in the ion concentration. 


PRECIPITATION REACTIONS AND SOLUBILITY PRODUCT 3 


For the purpose of the present discussion, we may distinguish 
two classes of ionic reactions: 

Combinations of Ions.—A cation combines with an anion to 
form a slightly soluble, a slightly dissociated, or a complex com- 
pound: 

Ags Cle <2 AgCl (slightly soluble) 
H+ + OH- @H:0 (slight dissociated) 


Agt 2CN- = Ag(CN)2- (complex) 


Oxidation-reduction Reactions—An ion is reduced when it 
takes up one or more electrons, or it is oxidized when it gives off 
one or more electrons: 


Fet++ + © Fett (reduction of ferric ion) 


Fet+ = Fe+++ + © (oxidation of ferrous ion) 


A detailed discussion of the various reactions will be given in 
Part.[: 

2. Precipitation Reactions and Solubility Product.—The 
occurrence of a precipitation reaction may be represented by the 
equation: 


B++A-<BA, 


if both ions are univalent. BA is a slightly soluble substance. 
Since the reaction is reversible, we may apply the law of mass 
action and write the expression: 


——_-=K,....... @Q) 


[BA] represents the concentration of the undissociated part of 
the slightly soluble substance. Its value is constant at any 
definite temperature. Hence, we may write in place of equa- 
tion (1): 

HESS (Acasa Orerenam Mina tvre is “at gewel<( 2) 


S represents the solubility product. If the product of [B*] and 
[A-] is larger than this value, the salt BA will precipitate. Ina 
saturated solution of the salt BA, we may assume that all of the 
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salt is electrolytically dissociated into its ions; and since there 
are equivalent quantities of anion and cation in the solution, 


[Ba] = (Ass: Oo eae pare) 

if c represents the solubility of BA. And, further, from (1) 
and (2): 

[B+]? == [Ao]? cas tte GP cai ay 

Instead of working with the ion concentrations, it is usually 


of advantage to express the relation:in terms of ion exponents. 
Then we have: 


pat pa = ps. Oe SO et bate Ue 20 (5) 


ps is the negative logarithm of the solubility product. It will 
be called the solubility exponent. In a saturated solution 


ps == pa Sas Ps. . . . . . . (6) 
When we have BA in contact with an excess of B+ or A~, we 


may readily calculate the unknown ion concentration. It 
follows from (2) that: 


pa a= 
Lies (7), and Ui ar a - . (8) 
and from (5) that: 
ps a ps = pa- em ate te oe Useeee (9) 
pa = ps — pr. A See eee (10) 


Example.—Let us assume that S is equal to 10~-!° or that 
ps equals 10, which is the case with silver chloride. Hence in a 
saturated solution: 


[Ag+] = [Cl-] = V10—° = 10-5. 


The solubility of silver chloride is 10-5. In the solution we 
have: 
Paz = fa = ths = 
Tf the silver chloride is in contact with a solution of silver-ion 
concentration 10-°(pag = 3), we have, according to equa- 
tion (8): 
10-10 


a Se eS Pf 
[Cl] = 7 = 10-7, 
or 


pa = 10-3 = 7. 
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If there is an excess of B+, then [A~] corresponds to the solu- 
bility of BA since the latter is completely dissociated in solution. 

We see therefore that the solubility decreases with increasing 
excess of one of the ions. Its value is a maximum in pure satu- 
rated solution. When [B+], for example, is 10 times greater 
than in the pure saturated solution, [A~] is 10 times smaller and 
therefore the solubility is also decreased tenfold. If we add an 
excess of one of the ions to a saturated solution of BA, it is not 
always permissible to assume that the total concentration of this 
ion is equal to the concentration that we add. In making this 
assumption we are neglecting the solubility of BA. It is very 
simple, however, to calculate the concentrations of both ions 
when the excess is known. If we add so much of a solution of 
B+-ions that the concentration of these ions is 0, then the total 
concentration of B+ is equal to 6 + x, where x represents the 
solubility of BA. In this case [A~] is equal tox. Then we have: 


(Oe wea age Cae es EC ED) 
x +bex —-S=0. 
__8 «e 
es ere rs ieee tee) 


From this equation it may be deduced that « becomes smaller 
as b increases or as S decreases. In most practical cases we may 
calculate that [B+] is equal to 0, and that x is negligible in com- 
parison with 6; but this is not always permissible. In the fol- 
lowing table the authors give some values of x that correspond 
to known values of 6 and S. 


TABLE A 


S=107 S=107& S=107 1° 


b NEN | b x=[(A7] b x=[A7] 
1x10-* 6.21074 1x10-4 6.21075 1x10-4 110-8 
210-3 41074 2104 41075 DS AOr sy 51052 
5x<1073 210-4 5x1074 210-5 510-4 2x1077 
1010-3 110-4 1010-4 110-5 10x10-4 1Xx10-7 
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In the next section it will be shown that these considerations 
are of great importance in calculating the titration error at 
the equivalence-point. If, for example, we have a substance 
with a solubility product of 10-®, and if we add to 100 cc. of 
the saturated solution 1 cc. of 0.1 N solution of B+, then 

= 1X 10-3. [A-] was originally equal to 10-? N in the satu- 
rated solution; by the addition of the excess of B+ it is decreased 
to 6.2 X 10-4; hence [A~] has become only 1.6 times smaller. 
We get the same ratio if we add 0.1 cc. of 0.1 N solution of B+ 
to 100 cc. of a saturated solution of a substance with a solubility 
product of 10-8. As we shall see further on, the accuracy of a 
titration is dependent upon the changes in ion concentrations in 
close proximity to the saturation point (equivalence-point). 

Thus far we have considered only the case of two univalent 
ions that react to form the slightly soluble substances BA. The 
matter is more complicated if a univalent ion reacts with a 
bivalent ion to form the insoluble salt: 


2B+ + A-~ =—B,A, 
or 
Btt + 2A- = BAg. 


We shall consider only the former of the two equations, since 
the latter is precisely similar. By applying the law of mass 
action we find: 


[ReGIAS) = Shao cys ee 


In the saturated solution we have twice as many B+- as 
A=-ions; hence: 
[Bee 
and 
UBF P eal Alo Sun, 2) oe 


Tf the solubility of BzA, expressed in moles per liter, is c, we have: 


= [Ash 
and from (14) we have: 


® [Spea 


C=a/—*,. 
4 


(15) 
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if we express the relations in ion exponents we have: 


2ps + Pa == ps. . . . . . . . . . (16) 
In a saturated solution of BoA we have: 
ps = pa = log a Pa = 0.39, of Sv (17) 
and 
Cesar de ha ae ae, 18) 


When we have BoA in contact with an excess of B+ or A=, we 
may calculate the concentration of the unknown ion by means 
of the equations: 


[B+] = ey ena hy tea nL) 
[A= = ts Wee eee OL) 


From equation (16) it may be deduced that: 


a Sp 2 
Pa = Se a 2 (21) 


ba = fs — 2fp. 


Tilustration.—Let us assume that S is equal to 10~!%, or 
ps to 12, which is very nearly the case with silver oxalate. 
In a saturated solution we have: 


(Bean Jona — 9 210m? = 105°? = 1.26 <<10>4 
2 , 


and 
[Aq| = 41B*| =. 0:63. x 1074; 


If we apply equation (18) we find immediately that: 


pe s0 30 


ps =? 3 se henigces 3.9, 


and 
Po= A? (17), 


The solubility is at a maximum in the saturated solution of 
the pure substance, and decreases with increasing concentration 
of either of the ions. The relation between the solubility and 
the excess of either of the ions is more complicated than when 
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we are dealing with a uni-univaient substance, BA. If, for 
example, the concentration of the Bt-ions is 10 times larger 
than in the saturated solution, it follows from equation (13) 
that both [A=] and the solubility are 100 times less. If, on the 
other hand, [A=] is 10 times larger than in the saturated solution, 
[B+] has become only V10 = 3.2 times smaller, and the solu- 
bility has decreased 6.4 times. 

If we add an excess of one of the ions to a saturated solution 
of BeA, then the total concentration of this ion is larger than that 
corresponding to the amount added, owing to the solubility of 
the substance. If the latter is «-molar under these special 
conditions, then the concentration of B-ions is 2x, and that of 
A-ions is x. Now let us assume that we have added an excess 
of B+ corresponding to a concentration 6. In this case the total 
concentration of B+ is (6 + 2x) and that of A= is equal to x. 
According to equation (13) we have: 


(O28 A= Spa; 
or 
4? Aba? + 6% — Se = 0.7. oe 8) 


It is rather difficult to solve this equation for «, and, when we 
have a number of cases to calculate, much time is consumed. 
It is much easier to use a graph in which the value of « is plotted 
against different values of [B+] and [A=]. From the foregoing 
it is evident that with the aid of equation (13) we may readily 
calculate the values of [A-] (ie., x) that belong to different 
concentrations of B+. Conversely, we may calculate the values 
of [B+] (ie., 2x”) that belong to various concentrations of A=. 

This has been done in Figs. 1 and 2. In this example Sp,4 
has been taken equal to 10-!*. The abscissas are the values 
of « belonging to the concentrations of B+ (or of A= in Fig. 2) 
that are plotted as ordinates. Now let us assume that we add 
a known excess of B+, corresponding to a concentration of 8, 
to a solution which is in contact with BeA. Then we first 
reckon that [B+] is equal to 6 +c and look up the value of x 
belonging to this [B+]. (c is the concentration of B in the satu- 
rated solution of B2A.) 
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If this method were correct, then [B+] should be equal to 
6 + 2x. But this value is too high because we have neglected 


LS Zi 3s 34 bes SO ee Zeiss 


gq & 
[B~] x 10° 


Fic. 1.—Excess of [B*]. [A=] x 105 = Solubility x 105. S corresponds to sat- 
urated solution. 


the decrease of the solubility, and a value x’, smaller than x, 
should be used. We now put 6} + 2x’ in place of [B+], and 


QQ 


oO 


[B*] x10! 


~ 


eo 


1 2 3 4 5 6 T 
[A=] x 10° 


Fic. 2.—Excess of [A*™]. 


find a corresponding value x’. The correct value of [B+] can 
usually be found by means of one or two interpolations, It is 
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easier to make a new curve, derived directly from Fig. 1, in 
which values of [B+] are plotted against the corresponding 
values of b. From Fig. 1 we see, for example, that a value of 
[B+] = 2.95 X 10-* is linked with an [A=] value of 1 X 10-5. 
Hence the value [B+] = 2.95 x 10-4 corresponds to 
6 =92.95 & 10-4 — 2° 105° =-2.75 1053. etc. tin, tne or 
lowing table are given values of [B+] and [A=] belonging to a 
known excess 6 of B-ions, or a of A-ions. 


TABLE B 
SoLuBILity Propuct oF B2A = 107. Excess 6 or [B*] 
b [B+] [Aq] Solubility of B2A 

15260104 Oa Sila’ 6.3 1075 (saturated 

solution) 
ea Ome op olOiee Salona Ome Seog Ome 
BSNO= Deon el Ome Troms eo < Ome 
Sl Se SOre Ly cl0R i SIO’ 
Sx Ome S03) 0me O24 SO OF4 105° 


Excess a oF [Aq] 


a [B*] [A>] Solubility of B.A 
0 1.26104 Ons} SOY 6.3X1075 
OD 10m ee Ome 0) Se Se Ome 
Ih Sl= 8.4 X10 1.42104 ALO 
A SCO 6.4 X1075 2.321054 See Ome 
3 «IO Sa Ome SMO lO 
S SiO ANd: Pela DPN SO DMO}? 
LOR GO Sard Ze 10.16X10~4 1.6X107% 


As we shall see later, in the discussion of titration curves, 
it is of great importance to know the variation of the ion con- 
centration in the neighborhood of the equivalence-point. From 
the figures (1 and 2) we see that the decrease in [A=] and in the 
solubility of BzA caused by an excess of B-ions is much greater 
than the decrease in [B+] and in the solubility of BoA caused 
by an excess of A-ions. Moreover, as we can see from the 
figures, it is of practical importance to know: 
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First.—In what cases we may neglect the solubility, ice., 
when we may put [B+] equal to 8, or [A=] equal to a. 

Second.—How great is the solubility with a known excess of 
B+ or A=. In many cases when the solubility of B2A is rather 
large, a direct titration does not give good results. In such 
cases we may add an excess of one of the precipitating ions, 
and determine the excess in the filtrate. By means of the above 
considerations we are able to calculate the solubility of BoA 
under the conditions with which we are working, and hence we 
can calculate the error caused by the solubility. 

In cases where the slightly soluble substance has the com- 
position BAg, in which B is the bivalent cation, we may apply 
the calculations given above. The only difference is that the 
concentrations that were calculated for B+ now apply to A-, 
and, conversely, the values for A~ now apply to B++. 

In general, when the precipitate has the composition BA, 
in which B"+ and A®~ are multivalent ions of the same valence, 
we may apply the same formulas that were used for the sub- 
stance BA, which was formed by univalent ions. If, however, 
the composition is B,A,, in which B and A are multivalent ions 
of different valences, the calculations become very complicated. 
We get equations of higher order which are very difficult or 
impossible to solve. In these cases the graphical method always 
gives a simple solution of the change in ion concentration with 
known excess of one of the ions. 

The precipitation of the salt B,A, may be represented by 
the equation: 

xB°+ + yA"- 2 B,A,; 
n is the valence of the cation, m that of the anion. 

According to the law of mass action, we have: 


BEAR | —sSarayse eb os 4 ee ae (24) 
and the relation between [B"*] and [A~”] is: 
“| Spa 
B= EN a kGe elt: See CS 
[ ] AS al? ( ) 
Mee 
een ee ee te. (26) 


[BF 
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Instead of working with the ion concentrations, it is much easier 
in this case to use the ion exponents. From equation (24) 
we find: 


xps -}- VPa= Ps: Aeee Se mre Ace he athe Te (27) 
ps = ps2 Ne ease ea) 

eS SEE NNT ie alemeee oe 

Pa 5 (29) 


When [B*+] or pp is known we may readily calculate the 
concentration of A"~ and the corresponding solubility. If we 
decrease [B"*+] by the B-ion concentration that is due to the 
solubility, we have the excess, b, added to a saturated solution 
of B,A,. Then we can plot } against [B"+] or [A”~] in a graph, 
and from this we can read off the change in ion concentration 
upon the addition of an excess of A- or B-ions to a saturated 
solution of B,Ay. 

In the saturated solution of the substance B,A, we have 
y moles of A”~ per x moles of B"+. Therefore: 


[B"+] = =[A"-], 
y 
and 
[A"-] = [B"+. 


Combining these values with equations (25) to (29), we have in 
the saturated solution: 


ty are 
[B"+] = v(2) Chr are SA de 1 1) 
f+0[ 7 Naan 
[Ar — v(2) SpzAy Ob Ks nen (26a) 
and 
aged a x 
7 mere AG y log ‘|, aie (28) 
an As y 
p= - (2 x log ”), Ure t(29q) 


PRESENCE OF TWO IONS 13 


3. Presence of Two Ions That Form Insoluble Compounds 
with the Same Ion.—If we have two ions, A~ and A,~-, both of 
which form insoluble salts, BA and BAi, with the cation Bt, 
we are able to calculate what will happen upon adding a solution 
of B* to a mixture of the two anions. From the preceding 
paragraph we see that: 


[B SIbAS | = Sza, 
[B+ Ar] = Spa,- 


Now let us assume that we have added B+ until both BA and 
BA, are present as solid phases. Then, according to the equa- 
tions, we have: 


[Ae iee etar 
or 
ay = gt Pe ae ae 30) 


Hence, in this case, the ratio between the concentrations of the 
two ions is the same as that between the solubility products of 
the two salts. It is of importance, for our purposes, to know 
under what conditions one of the two salts may be practically 
completely precipitated free from the other. Only when this 
condition is fulfilled may we titrate the ion A;~ in the presence 
of A~. From equation (30) it is evident that the insoluble salt 
BA can not be formed when 


[Ai >| Spay 


[A-] Spa 31) 


Hence, if we assume that BA, is the less soluble of the two 
compounds, pure BA, will be precipitated from a mixture of 
A,- and A-ions by the addition of B-ions until we reach the 
conditions that are expressed in the equation. From this point 
BA, and BA are precipitated simultaneously. 

Tilustration.—We wish to titrate a mixture of iodide and 
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chloride ions with silver ion. In this case AgI alone will be 
precipitated until the ratio of the ions is: 


When the iodide concentration has become one million times 
smaller than the chloride-ion concentration, a further addition 
of silver ions will cause a precipitation of silver chloride. Before 
this point, however, silver iodide alone is formed. We may 
conclude from the figures given that a quantitative precipitation 
of AgI occurs in the presence of chloride, even when the latter 
concentration is originally 100 times greater, for example, than 
that of the iodide. In this instance the iodide concentration 
becomes 10,000 times smaller than its original value before the 
precipitation of AgCl begins, and the separation is therefore 
quantitative. 

If, on the other hand, we have a mixture of Br- and Cl-, 
silver bromide alone will be precipitated until: 


[Br-] Sager 


= OIod Oa. 
Ke Sagcl 


Here the conditions are far less favorable for a quantitative 
separation than in the case of I~ and Cl-. This question will 
be discussed in greater detail in Part IJ, which deals with 
Practical Applications. (Cf. Chapter IX.) 

It is necessary to know the change in ion concentration 
near the point where the precipitation of the second salt, BA, 
begins, in order to determine the accuracy of a titration. We 
may apply here the same kind of equations as we did in § 2. 
Usually, however, the calculation may be made in a very simple 
manner. In cases where a titration of Ai~ in the presence of A- 
is possible, we may assume that [A;~]—before the precipitation 
point of BA is reached—is equal to the total excess of Aj-ions 
in the solution. Theoretically, we should add to this value the 
concentration of Aj-ions that is due to the solubility of BA, 
but in instances where a quantitative separation is possible we 
may neglect the latter value. When the precipitation point of 
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BA has been reached, a continued addition of B-ions will change 
the ion concentrations very little. Practically all of the B-ions 
will be used in the formation of BA; and as there is a large 
excess of A-ions, the removal of a small portion will not have 
much influence on the total A-ion concentration. When almost 
all of the A-ions have been precipitated there is a sharp change 
in the ion concentration, as pointed out in § 2. 

Summary.—In the titration of a mixture of Ai~ and A-, 
both of which form slightly soluble compounds with a reagent 
containing B-ions, we get a drop in A;~ very close to the point 
at which BA begins to precipitate. The magnitude of this 
drop is dependent upon the ratio between the solubility products 
Spa, and Spa, and upon the original ratio of the concentrations 
Olea rand AT. 

Tf one of the ions is univalent and the other bivalent, the 
insoluble compounds have the formulas BA; and BoA, A> being 
the bivalent anion. At the point where the solution is in equi- 
librium with both BA; and BeA, we have: 


or, 
ng . . . . . . (3 2) 


If BA, is the less soluble of the two salts, the addition of 
B-ions will precipitate Ai~ alone as long as 


[Ai -] = Spa, 
VAS Sark 


Example.—Let us consider a mixture of chloride and 
chromate which we are titrating with silver ion. Since Sage 
is about 10—!° and Sag,cro, about 107! we shall precipitate 
silver chloride alone until: 


[Cl-] _ 10-9 


bee Us te ea ae 
V{CrOl= V 10-12 


or 
(Clr tOs4(CrO, |: 
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When the chromate concentration is 0.1 normal, or rather 


5 X 10-2 molar, V[CrO4=] = 2.25 X 10-1, and the precipita- 
tion of silver chromate will not occur as long as: 


[Gl s\S310=4 02.25 XK 1082 2a 


From the above it is very easy to calculate, for more complicated 
cases, the conditions under which only one of the two ions will 
be precipitated, and also the point at which the precipitation of 
the second substance will begin. 

4. Influence of Acids upon the Solubility of Salts——The 
influence of acids upon the solubility of salts is a very important 
question. No detailed discussion of the subject will be given 
here, but stress will be laid on those facts which are of practical 
importance. 

If the salt under consideration is the slightly soluble salt of 
a strong acid, strong acids will have about the same influence 
on its solubility as other strong electrolytes. According to 
Arrhenius’ theory, or to the modern views of complete dis- 
sociation (Bjerrum, Debye), strong electrolytes increase the 
solubility of a salt. This influence, however, is so small com- 
pared with that which is to be discussed below that we may 
usually neglect it. 

If, on the other hand, the salt in question is the slightly 
soluble salt of a weak acid, hydrogen ions will have an enormous 
influence on its solubility. In pure aqueous solutions we may 
assume that the salt BA is completely dissociated into its ions: 


BAS BA 
(neglecting hydrolysis). 
If the acid HA is weak, the A-ions will readily combine with 
hydrogen ions to form the undissociated acid: 

Ht + A> = HA, 


Hence, when we add an acid to the suspension of BA the A-ions 
are removed to form undissociated acid, HA, and the solubility 
is increased to the limit set by the solubility product; 


(BASS Swish ocean 
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If we know the hydrogen-ion concentration, Spa, and the dis- 
sociation constant of the acid HA, it is very easy to calculate 
the concentration of Bt, i.e., the solubility. As we shall see 
farther on, the dissociation constant, Kya, is equal to: 


Ku = So sia uj n feet SS) 
and 
[H+] = Keay (34) 


The total amount of BA that dissolves in the acid is equal to 
[B+], if we assume complete dissociation of strong electrolytes. 
It is also equal to the sum of the undissociated acid [HA] and 
[A-]; hence: 

[Bal A EAS |<. en ess) 


From equation (2) we have: 


Spa 


eosin 


Tn agi ae nig ae Ae OO) 


Combining (35) and (36) we have: 


HA] = S8 (A... G7) 
and from (34) and (37): 

[Ei] Spa me 

Ky, ~~ (Ac? ; 
or 

S 
(alee ee 
ars 

and 

[Be] = Su(ET + 1), eee 38) 


At the point where [H*] is equal to the numerical value of Kya 
we obtain: 
[B+] = VIS a. = 1.4Sp,. 
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In this particular instance the solubility has increased 1.4 
times. 

If the hydrogen-ion concentration is not known, but if we 
have added a given amount of a strong acid to a suspension of 
BA, we may derive another set of equations for the calculation 
of the solubility. In this case we make use of the general rule 
that the sum of cations is equal to the sum of anions. With 
the aid of the other equations we may find the relation between 
the different constants and the total concentration of the acid 
added. The above considerations are of importance for prac- 
tical instances when we are dealing with slightly soluble salts of 
weak acids, in order to account for the influence of the hydrogen- 
ion concentration of the medium in which we are titrating upon 
the solubility of the salt. When we have a mixture of two 
anions, A~ and A;~, both of which form insoluble salts with Bt, 
the one anion being derived from a strong and the other from a 
weak acid, we may prevent the precipitation of the salt of the 
latter by titrating in a strongly acid solution. 

Example.—In neutral solution a mixture of chloride and 
phosphate gives a precipitate of silver chloride and phosphate 
with an excess of silver nitrate, whereas in acid solution only the 
silver chloride is precipitated. 

5. Formation of Slightly Dissociated Substances. Ioniza- 
tion of Water.—Ions may combine with each other to form 
highly soluble though slightly dissociated compounds. Most 
compounds of the salt type are strong electrolytes; there are 
some mercuric salts, however, that are but slightly dissociated: 


Hgtt + 2Cl- = HgChe. 


The mercuric chloride is only dissociated to a very small extent. 

The most important single reaction belonging to this group 
is that between hydrogen and hydroxyl ions, which unite to 
form very slightly dissociated water: 


H? + O0H- = H.0- Se ee) 


This reaction governs the course of all neutralizations of acids 
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and bases, and an extended discussion of it will therefore be 
given.! The mass-law relation derived from (39) is: 


[H*][0H-] 
base aK, 40 
[H20] oy 
which we may replace by the simpler expression: 
(Oia = Kye en oe 41) 


because the molecular concentration of water may be regarded 
as constant in dilute solutions. K, is usually called the 
dissociation constant of water. This is not correct because 
the value of K in equation (40) is the dissociation constant of 
water. The authors prefer the name ionization constant (or 
ion product). The magnitude of the ionization constant of 
water depends to a great extent upon the temperature. It 
increases rapidly with rising temperature, as will be evident 
from the following table. /, represents the negative logarithm 
of the ionization constant, which will be called, throughout this 
book, the ionization exponent of water. 


TABLE C 


IONIZATION CONSTANT OF WATER AT DIFFERENT TEMPERATURES * 


Temperature Ky Pw 
0° OM12 al Omets 14.93 

18° OOo 10m* 14.23 

25 Ode << 10mt* 13.98 

50° 200 << lO 13e25 
100° Se, Snr 12.24 


* Kohlrausch and Heydweiller, Ann. der Phys. (4), 28, 512 (1900). 


At room temperature, K,, is approximately 10-'4. Hence 
in pure water, where [H+] = [OH~], we have at room tempera- 
ture: 

[H+] = [OH-] = VK, = V10-14 = 10-7. . . (42) 

1 For special discussion of neutralization reactions, etc., cf. W. M. Clark, The 
Determination of Hydrogen Ions, 2d Ed., Baltimore, 1922; I. M. Kolthoff, The 


Use of Indicators (Farbenindikatoren) 2d Ed., an English translation which is to 
be published by John Wiley & Sons, is now in preparation (by N. H. Furman). 
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We may define as neutral reaction: 


[H+] = [OH-] = 10-7 neutral reaction, 
and 
[H+] > 10-7 > [OH-] acid reaction, 


[H+] < 10-7 <[OH~-] alkaline reaction. 


It is usually preferable to express the values as ion exponents 
rather than to work with the ion concentrations. (C/. § 1, p. 2.) 
pu represents the hydrogen exponent; pox is the hydroxyl 
exponent. 

We find from equation (41): 


pay eee Wea eee reer tern 2) 
where p, is the ionization exponent of water, with the value 14 
at room temperature. 


Then we have: 
pu dds —ypoan lee ee 


Pou = 14- pu: eA ere ici iS (44) 


If px is known we can calculate pox directly, and conversely: 
We may define the reaction of a liquid in terms of ion exponents. 


Pu = 7 = Pou neutral reaction. 
bu <7 < pou acid reaction. 
Pu > 7> pou alkaline reaction. 


Illustration.—In a 0.001 molar solution of hydrochloric acid 
[H+] = 10-8; hence pg = 3. In this solution 


Pou = 14 — 3 = 11, 


and [OH-] = 10-!!. The reaction is acid. In a 0.001 molar 
solution of sodium hydroxide, [OH-] = 10-%, and pou = 3. 
In this solution py = 14 — 3 = 11 and [H+] = 10-1!: alkaline 
reaction. 

6. Dissociation Constants of Acids and Bases.—We may 
classify acids or bases as strong or weak electrolytes. Strong 
electrolytes are practically completely dissociated into ions. 
To this group belong, for example: the simple halogen acids, 
nitric acid, perchloric acid; the alkali and alkaline earth hydrox- 
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ides, etc. Weak electrolytes are not completely dissociated. 
When we consider a weak acid we have: 

HAC Ae Ae ty ee ee 4 
~ and 


(si Ae| sa 
FTE 2s eee ES 


K, is the dissociation constant of the acid, and [HA] represents 
the concentration of the undissociated part. In a pure solution 
of the acid, [H+] = [A~], and in such a solution: 


ize, SoA ONE ee ye ced 
If the total acid concentration is c, then [HA] = c — [H+], and 
[ES tea Koo [Eee aes eee ee a8) 


In many cases [H*] is very small in comparison with c; 
therefore we may often use, instead of (48), the simple equation: 


(Hearne) Lee vee, Peat 40) 
and 
Pa = Pare OS oes, Siren ee (50) 


pa, which we will call the acid exponent, is the negative logarithm 
Gleke. 

Illustration.—We wish to find [H+] and fq in a 0.1 molar 
acetic acid solution. c = 0.1; K, = 1.8 X 10-5, or p, = 4.75. 


(igi ey eS Oe 01.134 a1 0ns 
bax = 2.375 + 05 = 2.875. 


When [H*] is more than 5 per cent of c, it is not permissible to 
put the term (c — [H+]) equal to c, and the more complicated 
equation (48) must be used. By rearranging this equation we 
obtain the following one, which is generally applicable: 


74 
[He] = -A* +) ik Og ED. 


2 Cf. N. Schoorl, Rec. trav. chim., 40, 616 (1921), for a graphical method of 
determining py in these cases. See also, Kolthoff, Use of Indicators, 2d Ed., p. 8. 
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Polybasic Acids.—Acids that contain several replaceable 
hydrogen atoms dissociate step by step. Each step corresponds 
to the tendency of one of the hydrogen atoms to ionize, and 
possesses its own characteristic ionization constant, Ki, Ke, Ks, 
Cle 

The first dissociation constant is always greater than the 
second, etc. 


LAS Ht HAS 

HA-@H++A-. . 2... . (52a) 
EAS 

Sem AEs tee OS 
SaaS 


In most cases the first-step dissociation is so much greater 
than the second that we may neglect the latter in a pure solution 
of the acid. We can apply equation (53) for the calculation of 
[H+] in such a solution, just as we should do in the case of a 
monobasic acid. If the simplification is not permissible, by 
combining several equations * we may derive the exact equation: 


[H+]3 ae [H+]?Ky = [H +](Kic = Ki Kg) == Ki Koc. ° (55) 


Bases.—Entirely similar relations apply to bases. If we 
represent the electrolytic dissociation of a base as: 


BOH @ Bt + OH-, 
we have: 
[B*][(OH-] 


[BOH] rps ek 7 Geet eee OO) 


K, is the dissociation constant of the base. 

7. Hydrolysis of Salts.—The temperature and the nature of 
the salt determine the degree of hydrolysis in the solution of a 
salt, BA. Both anion and cation can react with the ions of 
water: 

BY 4HeO = BOHM +H ano) 
A> Ho0'=] HA OHs 52 eas) 


3 Cf. Kolthoff, The Use of Indicators, p. 9. 
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When we consider salts of strong acids and strong bases we find 
that both BOH and HA are completely dissociated. Hence 
their salts are not hydrolyzed to any appreciable extent and the 
salt does not change the reaction of the water. The hydrogen- 
ion concentration of these salt solutions lies close to 10-7, or 
pu = 7, at room temperature. Upon addition of excess of 
acid or base to such solutions the py is changed in the same way 
as that of pure water. 

When the salt is made up of a strongly basic and a weakly 
acidic constituent, or vice versa, the relations are of general 
importance, and especially so for neutralizations. If, for 
example, we have a salt of a weak base and a strong acid, the 
reaction will occur according to equation (57) and the solution 
will have an acid reaction. On the other hand, the salt of a 
strong base and a weak acid will have an alkaline reaction. 

When both constituents of the salt are weak, hydrolysis is 
very marked. The reactions are represented by (57) and (58). 
The reaction of these solutions will be nearly neutral, provided 
the difference between the dissociation constants of the acid 
and base is not too great. For our purposes a knowledge of the 
hydrogen-ion concentrations of hydrolyzed salt solutions is of 
great importance. We must be able to calculate the change in 
reaction upon the addition of a small excess of acid or base. 

We shall first consider the hydrolysis of a salt of a weak base 
and a strong acid. The hydrolysis is represented by equation 
(57). When we apply the law of mass action we find: 


[BOH][H*] 


[B+] Bea gee of ls = ae OD) 


Kya is the hydrolysis constant. According to equation (41): 


and from (56): 
[B+][OH-] _ 
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Upon combining these three equations we have: 


Ka BORN 
Kaya = ie fee (60) 


When the degree of hydrolysis is not too small we may neg- 
lect the [OH~] in comparison with [H*+].4 Then, in a pure salt 
solution: 

[H+] = [BOH]. 
Since the salt is a strong electrolyte, which is practically com- 
pletely dissociated, [B+] is equal to the total salt concentration 
(if the hydrolyzed portion is negligible in comparison with the 
total salt concentration). Then the hydrogen-ion concentra- 
tion in the solution of a salt of a weak base is: 


[Fran pee oe ae ee em 


fu = 7—4p, -—4loge.. . . . . (62) 


If the salt is one of a weak acid and a strong base, we find 
in the same way, for its solution: 


TE) — fe. Pek Le ames) 


ba =T+3hpatdloge ... . (64) 


Tilustration.—Suppose we wish to calculate the hydrogen-ion 
concentration of a molar ammonium chloride solution. c¢ = 1; 
K, = 1.8: 105°,.0r f= 4.75. Hence: 


pu = 7 — 2.375 = 4.625, and [H+] = 2.37 x 10-5. 


Influence of a small excess of acid or base on the hydrogen-ion 
concentration of the solution of the salt BA.—In the discussion 
of neutralization curves we shall see that} it is of importance 
to calculate the change in the hydrogen-ion concentration of a 
hydrolyzed salt solution when we add a very small excess of acid 
or base. Consider the salt of a strong acid and a weak base, 


4 Cf. N. Bjerrum, Die Theorie alkalimetrischen und azidimetrischen Titrier- 
ungen, Ahrens Sammlung, 21, 12 (1915), or Stuttgart (1914). 
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the hydrolysis of which is represented by equation (57). If we 
add a small excess of a strong acid, i.e., hydrogen ions, then the 
hydrolysis will be repressed. Let us put the concentration of 
BOH and of H*, formed by hydrolysis, equal to x. Now if the 
concentration of the acid added is a, the total [H+] of the solu- 
tion is (a + x), while [BOH] is equal to x. 
If the total salt concentration is c, we have, according to 
equation (60): 
(a+x)x Ky 
C Bais 


. 
a a? Ke 
a 2 + EB + oe . . ° (65) 


If, on the other hand, we add a small excess of BOH, equal to 
b, we obtain the same kind of equation for the calculation of «: 


ae ie Ke 
= eae rama a sel ie seh OO) 


In a pure salt solution, a and b are equal to zero, and we have 
the customary hydrolysis equation. 

Example.—To a 0.1 molar ammonium chloride solution we 
add hydrochloric acid corresponding to a concentration of 10-4 
moral. Hence: d= 10-*" c= 10-!>- Ky. = 10° °°. Then 
we find that « = 5 X 10-7. In this case the suppression of 
hydrolysis is so great that we may neglect x in comparison with 
a. If, on the other hand, the original degree of hydrolysis is 
very marked, or if a is very small, x must be taken into account. 
If, in our instance of 0.1 molar ammonium chloride, a is taken as 
10-5, we find for «x = 4 X 10-6, and 


[H+] = 10-5 +04 x 10-5 = 1.4 Xx 10-5, 


If we are dealing with salts of the type B2A, in which A= 
is the anion of the weak dibasic acid, H2A, or with BAg, where 
B++ is the cation of a diacid base, all equations for hydrolysis 
remain the same. In this case we must use for K, the second 
dissociation constant of the acid, and for K, the second dis- 
sociation constant of the base. 
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Salts of Weak Acids and Weak Bases.—As stated above, the 
hydrolysis takes place according to equations (57) and (58). 
By combining the equations: 


[BOH][H+] K 


eH == PU Res eo) 
[HA][OH-]_ K, 
Re Ky 
and 
[H+][OH-] = K,, (41), 
we have: 
[BOH][HA] _ Ko ie a 


In most practical instances the value of K, lies between 100 
and +45 Ky. Under these conditions the hydrogen-ion concen- 
tration of the water is changed to such a small extent that we 
make no appreciable error in assuming that the amount of BOH 
that is formed by hydrolysis is equal to [HA]; [BOH] = [HA]. 
Since the salt of a weak acid and a weak base is a strong elec- 
trolyte, we may put [B*] and also [A~] equal to the total salt 
concentration, c (neglecting that portion of the salt which is 
hydrolyzed). Then from equation (67): 


[BOP Se HA aerk, 


eo ee 8) 
[BOH] = [HA] = c Ke (69) 


By combining equations (60) and (69) we find that the hydro- 
gen-ion concentration of the solution of a salt of a weak acid and 
‘a weak base is: 


KwKa 
ie (70) 


fo =7+4p.—-4f.. ... . (71) 


We have the remarkable result that the hydrogeii-ion con- 
centration is independent of the total salt concentration. Here 


Vie Pa 
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again, it is necessary to emphasize the fact that all of the simple 
equations are valid only when K, lies between 100 and 72> Kz, 
and the degree of hydrolysis is not more than 5 to 10 per cent. 
If the hydrolysis is greater we must correct c for the hydrolyzed 
portion, and insert ¢ — [BOH], or c — [HA], respectively, in 
place of c in the equation. 

Examples.—The simplest illustration is ammonium acetate. 
Here K, = K, = 10-475; hence, from equation (71), we know 


that: 
Pee 2 375s 2375) 07. 


In all salt solutions where K, is equal to Ky we have an exactly 
neutral reaction. ; 

A solution of ammonium formate has an acid reaction, for 
K, is greater than Ky. K, = 10-367, K, = 10-475, hence: 


bu = 7+ 1.835 — 2.375 = 6.46. 


Change of the hydrogen-ion concentration in the solution of the 
salt of a weak acid and a weak base by addition of a small excess 
of acid or of base.—In studying neutralization curves it is neces- 
sary to know the change of [H*] in the neighborhood of the 
equivalence-point. If we add an excess of the acid HA cor- 
responding to a concentration a, the total concentration of HA 
will be a + x, where ~ is the concentration of the HA formed by 
hydrolysis. Then, according to our assumptions [BOH] will 
also be equal to x. According to equation (67) we have: 


(a+a)x _ Ky 
c? Keke 


wage ae 2 Ku 
sp oe + oe. Oe a HY): 


If x is known we may calculate [H+]: 


[HA] 
H+] = _—K, = 
Bese earl 
We obtain a similar equation for x if we add an excess 6 of 
the base BOH to the solution. 


a+x 


Ros ace 313) 
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Illustration.—We wish to find the change in the hydrogen- 
ion concentration of a 0.1 molar ammonium acetate solution 
upon the addition of an excess of acetic acid correspond- 
ing to a concentration of 10-3 normal. c¢ = 10-1; a = 107%. 
K, = Ky = 107-475, 


= —5 x 10-4 +425 x 10-8 + 10-7 os — = 2.55 x 10-4, 
(apa eee 5 Os) 
[H+] = ae x 10-475 = 2.24 x 10-7, 
be SA 


If we had added an excess of ammonia corresponding to a con- 
centration of 10~°, pg would become 7.35. 

8. The Reaction in a Mixture of a Weak Acid and Its Salt, 
or of a Weak Base and its Salt—When we add to the solution 
of a weak acid an excess of one of its salts, the degree of dis- 
sociation of the acid is diminished. From equation (46) we 
may calculate that: 


[Hay = Bele Tee 


In most practical cases, the dissociation of the acid is negligible 
in comparison with the excess of the salt that we add. We may 
therefore put [HA] equal to the total concentration a of the acid, 
and [A~] equal to the concentration, c, of the salt added. Then 


we have: 
a 


Oe ee) 


du =f.—logat+loge. ... . (76) 

In the particular case in which a is equal to c, we find that 
the hydrogen-ion concentration has the same numerical value 
as the dissociation constant. 
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When we are dealing with a base, we find: 


[OH-] = °K, Phere tal ett corte tee Gta) 
or 
KG 
Br Meg esate 
[H+] = he Pee ee Marae ay (yf) 


pu = Pu — fo —loge+logb. . . (79) 


In cases where the dissociation of the acid is still appreciable 
in the presence of an excess of the salt, the simple equations may 
not be applied. We have to take into consideration the dis- 
sociation represented by the equation: 


HAZ Ht + Aq: 


The dissociated acid gives equal amounts of H+ and A~ Ih 
we call this fraction x, then the concentration of the undissociated 
portion of the acid is a — x, and the total concentration of 
A-ions is ¢ + x, whereas [H*] equals x. According to equation 


(75) we have: 
a-—%x 


TA rea ae ae ae me ees C518) 
Gey a ONG. 
pam Ct R (ES) aK te (81) 


If we are titrating the salt of a weak acid with a strong acid, 
it is important to know how the reaction changes in the neigh- 
borhood of the point where all of the weak acid is liberated. 
For this reason a detailed discussion of the question has been 
given here. 

9. Mixtures of Two Weak Acids. Hydrolysis of Acid Salts. 
—When we have a mixture of two weak acids of quite different 
dissociation constants, we must calculate how the hydrogen-ion 
concentration changes at the point where the amount of base 
that has been added is equivalent to the stronger acid. By 
studying these relations we can predict whether the titration of 
a given acid is possible in the presence of a weaker one. 
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Let us consider two acids, HiA; and HeAz, with dissociation 
constants of Ki and Kg, respectively. In a mixture of the acids, 
together with a definite amount of base, the hydrogen-ion con- 
centration will be: 


[Hi Aa] [H2A2] 
Ht Ki = Koi ee eae 
[H+] = oS ee (82) 
and 
[HiAi] , [HeAe] 
: = Kot Ki. as emod 
LAr LAze) Patio SY 
[HA] . : ye ict ae oe ers 
el is the reciprocal of the familiar ‘ neutralization ratio” of 


an acid. We see from equation (83) that the neutralization 
ratio of the two acids is equal to the quotient of the dissociation 
constants. When there is a large difference between Ki and 
Ke, the stronger acid, HiAi, alone will be neutralized at the 
beginning of the titration, while the amount of the second 
neutralized will be negligibly small. But, near the point where 
practically all of the stronger acid has been neutralized, there 
will also occur some neutralization of the second acid. 

Let us assume that at the first equivalence-point, i.e., the 
point where an amount of base that is equivalent to the stronger 
acid has been added, a per cent of the stronger acid has been 
transformed to salt; then the second acid is neutralized to the 
extent of (100 — a) per cent, if both [HiAi] and [H2Ae] had the 
same original value. Hence [HiAi] and [H2Ag] here represent 
the total concentrations of acid neutralized and not neutralized, 
respectively. Hence: 


a 
~ > A 
[Ai] = 569 — tA, 


and 


[Ao-] = at [H2Ag]. 


From equation (82) we have: 


(HiAj] Kix [H2Ao] 


HE Ses ae ee! 


Ko. 2a eet) 
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We may conclude from the foregoing that at the first equivalence- 
point: 


100 —a a 
+]2 — 
[H+] eet rn 
or 
PETG] -y Vala Rope eke ts 0 ce oe (85) 
du = 3(Px, + pe, --. . - . - (86) 


When we are dealing with a mixture of two bases, we have 
at the first equivalence-point: 


pi fei 2 (Px, sty Px). OF MO Wee (87) 

An acid salt of the type BHA may be considered as a mixture 

of two acids of different strengths, in which the stronger acid 

has been neutralized. We may therefore calculate the hydrogen- 
ion concentration of such a salt solution by: 


[H+] = VKiKe, . (85) 


where K;, is the dissociation constant of the first acid and Ke 
that of the second. For very accurate calculations a somewhat 
more complicated form of the equation is used, viz.: 


|KiKzc 
VKi +c’ 
Ky is usually so small in comparison with ¢ that it may be 
neglected, and we then have equation (85). 

Illustrations: Sodium —- Bicarbonate.—K, = 3 X 1077; 
Ke = 6 X 107-1!. A solution of sodium bicarbonate therefore 
has: 

tenes te 732 102 <6 XK 101) = 4.35 5G 10-9: pe = 8.37. 

Sodvum Bitarirate: K:=1> 10-3; Ke =9X10-. In 
0.1 molar solution we have: 

Daly eat On? xX OeXi1 0-5 = 93) 1042 pp = 9352: 

We must use the more complicated equation (88) for more 
dilute solutions; for 0.001 molar solution we find: 

(a2. xX 10-48 fa = 3,68. 


In our consideration of the mixture of two acids, HiAi and 


fs Bal (88) 
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HeAz, we assumed that both acids had the same concentration. 
If the original concentrations are different, equation (85) will 
be changed slightly. If, for example, the concentration of 
HiAi is twice that of H2As, we have: 


Hs) = fk ieee 0) 


pu = 2(bx, + Px,) + 2 log 2 = 3 (px, + Px,) +0.15. (90) 
Hence py is changed by only 0.15 at the first equivalence-point. 
In general, if the ratio between the two acids is r we get: 


epee ea neer Seb 


pu = 3(px, + px) + + log Mie Ch (92) 


10. Change of Hydrogen-ion Concentration in a Mixture 
of Two Acids near the First Equivalence-Point.—The accuracy 
of the titration of one acid in the presence of another depends 
upon the magnitude of the change in hydrogen-ion concentra- 
tion near the first equivalence-point. We have seen, in the 
preceding paragraph, that a small amount of the first acid, 
HiAi, is not neutralized at the first equivalence-point. If this 
portion is a per cent of the total concentration of HiAi, then 
HeAve will be a per cent neutralized if both acids had the same 
initial concentration. Now let us assume that we add 1 per 
cent of base in excess; most of this base will then be used for 
the neutralization of the second acid, HAs, and only a small 
fraction will be used by HiAi, the concentration of which is 
already very small. If the part of the base that is used for the 
further neutralization of H,Ai is x per cent of the total amount 
of HiAi, we have: 

[Ai-] =a+42, 
[HiAi] = 100 — (a+ 2). 
As there is an excess of 1 per cent of base, we find: 
[Ao-] = 100 — (a+ x) +1; 
[H2Ae] = a — x. 


or 
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If we put these values in equation (83) we have: 
100 ir 101 = (a) 

(a + x) (a — x) 
We thus obtain a quadratic equation which may be solved 


for x. If « is known [Ai~] and [HiAj] may be calculated, and 
hence [H*], from: 


ea Ko ie a 893) 


4) — [Ad 
TS TA 


Examples.—K; : Ke = 100. At the first equivalence-point, 
a= 91; hence, [H+] = 3% Ki = 0.099K;. Upon the addition 
of a 1 per cent excess of base, we find, from equation (93), 
x = 0.4, and we obtain [H+] = x °K = 0.094K;. Therefore 
in this case the hydrogen-ion concentration is only diminished 
by 5 per cent upon addition of 1 per cent excess of base, which 
corresponds to an increase of 0.02 in pu. 

When the ratio between K; and Ke is much larger, the change 
in py at the first equivalence-point increases. 

K; : Ke = 10,000. At the first equivalence-point, a = 99, 
and [H+] =xzia Ki. By the addition of a 1 per cent excess of 
base we find x = 0.38, and hence [H+] = ae 
a change of 38 per cent in the hydrogen-ion concentration, 
corresponding to a fy variation of 0.21. 

All of the foregoing equations are of value when we are deal- 
ing with a mixture of two bases. Instead of [H+] we always 
find [OH~], irom which [H+] may be readily calculated. 

11. Formation of Complex Ions.—The dissociation of a com- 
plex ion takes place in distinct steps. Let us assume that we 
have the simplest complex ion, BzAt. It is dissociated as 
follows: 


Ky: 


Ki; ie., there is 


BoAt@Bt+ BA. eee Sens (94) 
BAS Beer AS. bed et. (95) 


Adding the two equations we have: 
BoAtS2BEtA- 2... . (96) 
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By application of the law of mass action we find: 


[B+][BA] _ 
TBoAs] 7 Keone ee 


Komp. is the complex constant, or dissociation constant of the 
complex ion; BA is the neutral portion from which the complex 
is formed. [B+] is equal to [BA] in a pure solution of the salt, 
if we may neglect the dissociation of BA into B+ and A-. Since 
complex salts are strong electrolytes we may put [BzA+] equal 
to the total concentration c, if the dissociation of the complex 
ion is not too great. In such a solution we have: 


[Boe Re ce en ens) 


This is the same kind of expression that we found for the 
relation of [H+] and total concentration in a solution of a weak 
acid. (Cf. equation (49) p. 21.) 

The change in [B+] upon the addition of an excess of a solu- 
tion containing B-ions may be found by the method described 
in the discussion of the change in hydrogen-ion concentration 
of a solution of an acid upon the addition of an excess of one of 
the ions. If, for example, we add an excess of [B+] correspond- 
ing to 6, then the total [B+] concentration will be (6 + x), while 
[BA] =x. Then 


(d =F x)ax = Keompi, C, 


eee PART a sr @ (99) 
ae 2 4 compl. v: . . . 


When the neutral part, BA, of the complex ion is a strong 
electrolyte, which is usually the case, it is dissociated into its 
ions, and we must use equation (96) for the quantitative rela- 
tions between the concentration of the complex ion and that of 
its constituent ions. According to (96): 


and 


ra = | gen De AA er, 2 (97a) 
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When the neutral part, BA, is completely dissociated, we 
have in the pure solution of the complex ion: 


[B+] = 2[A-], 
and 
[B tle = 26 Kenck 
(Bll apc enn oe > (08a) 


3] 
[A-] e GX com 


The change in [B+] or [A-] that is caused by a small excess of 
one of these ions can be determined graphically by the method 
described for insoluble salts of the type BeA (see p. 10). The 
exact calculation involves a third-power equation which is diffi- 
cult to solve. 


Illustration: 
Ag(CN) -2 = Ag+ + 2CN-. 
[Ag [CN |? ! 
2 = K' comp, = 10771.5 
[Ag(CN)27] ze 


Therefore we have, in an 0.1 molar solution containing only the 
complex silver cyanide: 

Pe ep 20m = 1070s. 0 10-2 

[CN-] = 2[Ag+] = 6.0 x 10-8. 

We often find cases where the neutral part, BA, is slightly 
soluble. This is the case, for example, with the complex silver 
cyanide ion, where AgCN is slightly soluble. If the solubility 
of BA is smaller than the value of its concentration in the pure 
solution of the complex salt, BA will precipitate before this 
point is reached. This is the case with mercuric iodide in the 
complex HgI,~. When the saturation point of BA is reached 
its concentration remains constant, and [B+] will vary according 
to the simple equation: 

Ben pS Komp, a Ce ee eae LOO) 
Spa 
Spa represents the solubility product of BA. 


5 This is the mean value of the data of Euler, Ber. 36, 2878 (1903), and of 
Bodlander and Eberlein, Z. anorg. Chem., 39, 208 (1924). 
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We see therefore that [B+] changes only with changes in the 
complex-ion concentration, c. Therefore, if precipitation of BA 
takes place before the complex ion is quantitatively formed, 
further addition of reagent scarcely affects the ion concentra- 
tion. Hence we may only expect the titration to give satis- 
factory results when: 

Spa > kore C. eo Mer Sree (101) 


i.e, when Sg, is larger than the concentration of BA in the 
solution of the complex salt. 

Thus far we have discussed only the dissociation of a simple 
complex, BzAt. If its composition is more complicated, all of 
the calculations become more involved: 


BsAt+t+ 2 2B+ + BA, 


[B+}?[BA] 


‘[BsAt+] = [ee . . . . (102) 


provided the dissociation of BA is negligible. In a pure solu- 
tion of the complex ion we have: 


[Bit]? = 2K oan Cg 0k, (Bo) = 2K can el 08) 
If the neutral part is a strong electrolyte: 


aeay = Koma Rk = 2 (102a) 


and in a pure solution of the complex: 
[B “i = 3[A-], or [B Z| a A/SEK oman . (103a) 


If it is desired to calculate the change in [B+] upon the addi- 
tion of a small excess of B-ions, we may derive equations of the 
same kind as we did in the discussion of slightly soluble salts of 
the type BoA, or B3A. (Cf. p. 6.) 

It is beyond the scope of this book to include a more detailed 
discussion of these matters. Anyone who has grasped the 
subject matter of this chapter should be able to derive, in any | 
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special case, a set of equations for the calculation of the change 
in ion concentrations upon addition of an excess of one com- 
ponent. 


Before discussing the equations that represent the course of 
oxidation-reduction reactions, it will be necessary to give a 
review of the relation between electron reactions and the 
potentials of electrodes. 


CHA PIER SLL 


ELECTRODE POTENTIALS. OXIDATION AND 
REDUCTION 


1. Potential of an Electrode.—If a metal electrode is dipped 
into a solution of its ions, a difference of potential is developed 
between the metal and the solution. This potential difference 
is dependent in a special way upon the ion concentration of the 
solution, which is represented by the fundamental equation of 
Nernst (1889) : 


Kia. Ip a cee 


where E is the potential difference, metal-solution; T the abso- 
lute temperature (273 + ¢ Centigrade); m the valence of the 
ion; and F the Faraday, ie., the quantity of electricity that 
is associated with 1 gram-equivalent, viz., 96,500 coulombs. 
R and F are constants, the values of which are known; more- 
over, we may transpose the natural logarithms to the Briggsian 
system (to the base 10) by dividing by 0.4343; we then have: 


_ 0.0001983T ,_ P 


E= ] A i ee 
: = °2 5 (105) 
If the temperature is 18° C. we have: 
Ba ee oe (is cs Mann 
n Pp 
omate 25: 
E = — ae log 5 (25° Cen Oeeeemee 0) 


1 For the sake of simplicity, a reference temperature of 25° C. will be used in 
the following discussion. 
38 
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In these equations P is a constant for each metal; it is called 
the electrolytic solution pressure of the metal. is the osmotic 
pressure of those ions which the electrode is capable of supplying. 
In dilute solutions / is proportional to the concentration c, and 
we obtain instead of equation (107): 


0.0591 K 
1 ee ie Pe eS 
log a (108) 
or : 
E= — — log K + — logcaaa (109) 


If we dip the metal into a solution in which the concentration, c, 
of its ions is equal to 1, we have log c = 0, and: 


oe 0.0591 
n 


LOG as Gate eet om ILO) 


ve 
ak} 


This value of E in equation (110) is a constant for each metal, 
and depends only upon the temperature (and in special cases 
upon the concentration of the metal in the electrode). It is the 
so-called electrolytic potential, or normal potential, which is 
designated by the symbol «9. Then we have: 


0.0591 0.0591 
logc = & — 


E=e+ punt > AUD) 
In this equation ; represents the ion exponent. The potential 
is a function of the ion concentration c, or px When c is 
increased ten times, or when ~; becomes 1 unit smaller, the 
difference of potential between the electrode and the solution 
increases by pees volt. When we are dealing with a uni- 
n 

valent metal, is 1, and for each change of 1 in p; the potential 
changes 59.1 millivolts. With a bivalent ion, m is 2, and the 
change of 1 in the ion exponent corresponds to only 29.5 milli- 
volts. 

If, instead of a metal, we have a non-metal electrode dipping 
into a solution of its ions, there is a potential difference which 
depends upon the ion concentration of the solution. If the 
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concentration of the non-metal in the electrode is a constant, 
we may derive an equation of the same kind as the one derived 
for a metal electrode, viz.: 


Enonmetal = €0 — one log¢ = e9 + 0.0591 


bee ae) 


As we shall see later an unattackable metal electrode, such 
as platinum, or one of the other noble metals, when in contact 
with a non-metal, behaves like a non-metal electrode. The 
potential of a non-metal electrode changes in the same manner, 
but in the opposite direction to that of a metal electrode with 
changes in the ion concentration of the solution. Equation 
(111) shows that a metal electrode becomes more negative, 
i.e. less noble, with decreasing concentration of metal ion, 
whereas the metalloid electrode becomes more positive, i.e., 
more noble, with decreasing metalloid-ion concentration. 

2. Electron Reactions. Oxidation and Reduction.—When 
a metal is in contact with a solution it has a tendency to send 
ions into the solution, as indicated by the equation: 


MeaMt en 3 3 a See eae) 


where ¢ represents the electron, or unit negative electric charge. 
Equation (113) is reversible; the metallic ions have a tendency 
to react with electrons to form electrically neutral metal atoms: 


Ag = Agt +e, 
Zn @ Zntt + 2e, 


The metal is more negative in proportion to its tendency to 
send ions into the solution; on the other hand, in proportion as 
more ions are discharged the metal is more noble. The tendency 
to send ions into the solution is governed by the electrolytic 
solution pressure, which was mentioned in the preceding section. 
When the metal supplies as many ions to the solution as are 
discharged from the latter to the electrode, it is exactly neutral. 
If more ions are sent into the solution than are discharged on 
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the metal, the electrode has a negative charge. If more ions 
are discharged than are sent into the solution, the electrode 
receives a positive charge. 

The same considerations apply to reactions at non-metallic 
electrodes. They may be expressed as follows: 


Cle + 2e = 2Cl-, pee ewe 114) 
20. + 2e 0m 


Such an electrode will become more positive as more ions are 
discharged upon it, and conversely. 

Since the reactions mentioned above are reversible, we may 
apply the law of mass action, and hence from equation (113): 


[M +e] 


[MI] = K’. 


The concentration of the discharged metal atoms may be 
regarded as constant, and we have: 


LAPS lhe ee eee ed ee ee I) 


S being, according to the terminology of A. Smits and A. H. W. 
Aten,? the solubility product of the metal. 
In similar manner we find for the reaction expressed in equa- 
tion (114) the relation: 
[Cl-}? 
= she ters we Bee RO 
ice (116) 


¢ being, according to Smits and Aten (Joc. cit.), the solubility 
quotient of the non-metal. At present it is not possible to give 
the absolute values of S and ¢ as we do not know the concentra- 
tion of e. We may calculate relative values which are referred 
to a standard in which we assume that [e] is equal to one. Smits 
and Aten are doing so, basing their values on the lithium elec- 
trode as a standard. The authors suggest that possibly in the 
future, when more is known about the mechanism of compli- 
cated oxidation-reduction systems, the mode of expression that 


2 A. Smits and A. H. W. Aten, Z. physik. Chem., 92, 1 (1916). 
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Smits and Aten propose may be preferred for practical purposes 
to the usual electrochemical one. In the present state of our 
knowledge, there is still use for |e], however. 

In all cases where the valence of a substance is changed by 
the addition or withdrawal of electrons, we are dealing with 
reduction or oxidation. The addition of electrons results in the 
reduction of a substance, while their withdrawal results in oxida- 
tion.2 Hence, when a metal is converted into its ions, we have 
an oxidation, because electrons are withdrawn. On the other 
hand, the transformation of a non-metal into its ions is reduc- 
tion, as the non-metal unites with electrons. 

As is well known, oxidation and reduction reactions play a 
very important réle in nature. It is not necessary for one of the 
reacting substances to be discharged, as is the case with metals 
and non-metals. In general, every electron reaction promotes 
an oxidation or reduction; the two changes always occur simul- 
taneously. 

In a solution containing ferrous and ferric ions there may be 
a continuous exchange of electrons, as represented by the 
reversible equation: 

Hewat + e 2 hee 
or in similar fashion: 
Santis -+-wWer Sn, 
Similar reactions may be written for anions: 


Fe(CN)s= + e @ Fe(CN),. 


In accordance with the law of mass action, we have: 


[Fe+++]fe] _ 
[Fet+] ae 
or, expressed in general form: 
[Ox][e!” _ 
[Red] ct See es ee Ou) 


3 For a detailed discussion of the principles of oxidation and reduction, the 
reader is referred to W. Mansfield Clark, Public Health Reports reprint No. 823, 
p. 443 (1923). 
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In these simple oxidation-reduction reactions we have been 
dealing with isomerism of ions. There are also more compli- 
cated types of oxidation-reduction reactions in which the oxygen 
content of the ion is changed, e.g.: 


MnO: + 4H+ + 2e @ Mnt+ + 2H,0. 


[MnO2][H *]#[e}? 
[Mn**] 


Here the equilibrium conditions are very largely dependent 
upon the hydrogen-ion concentration which enters to the fourth 
power in the above equation. The following are some other 
examples of very important reactions of this class: 


Mn0O,-8Ht +5e=2 Mn++ + 4H20, 
Cre07= + 14H +6e @ 2Crtt++ + 7H2O 


In all of these reactions the hydrogen-ion concentration has 
an enormous influence on the equilibrium conditions: 

(MnO, “|[H* lel? 
[Mn++] 

3. Oxidation-reduction Potentials.—‘‘An evidence of some 
actual state of which [e] is representative is found in the fact 
that a noble metal placed in a solution containing an oxidation- 
reduction system acquires an electron charge increasing in 
intensity with increase in the reducing tendency ...,ie., the 
[e] value of the solution.”® The noble metal containing free 
electrons is nothing else but an indicator of the [e] of the solu- 
tion. Its potential is dependent upon the electron concentra- 
tion in the solution and may be represented by the equation: 


= K. 


= K. 


1 Ped Dies 
eee ieee eee is SP. er ee KES 
E F n (e (118) 
A is a constant, therefore (118) becomes: 
He= A’ .0,0591 log lel =r. .. (119)6 


“Cf. Text-books on electrochemistry; also W. M. Clark, Joc. cit. 
5 Clark, loc. cit. 
6 The authors follow Clark (loc. cit.), closely in the formulation of equations 


(119)-(123). 
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From equation (117) we know that: 


n [Red] 
Id = eS (120) 
Substituting this value of [e] in (119), yields: 
po. 0501 0.0591, [Red] 
= A’ — ——_— ] — ] 
B=A og K og [0x] (121) 
The term A’ — ost log K is a constant for a given system. 


In case [Red] = [Ox] we have: 


ey LO 
nN 


log Ko=ep 2 -- ak ode) 


&) being the normal potential of the system. By combining 
(121) and (122) we obtain: 


_ 0.0591, | [Red] 


18, = Bp - og eras 


(123) 


The equations applicable to metal or non-metal electrodes, 
given in §1, are special forms of equation (123). For more 
complicated systems in which hydrogen ions play a réle, we 


have: 
_ 0.0591 [Red] 


i= 85 = Osa oh Seana) 
n is the number of electrons; m is the number of hydrogen ions 
that react with the oxidant. In the instance of the reduction 
of permanganate ion to manganous ion (cf. p. 43) 7 is equal to 
5, and m to 8. 

In the exact formulation of the potential in the more com- 
plicated oxidation-reduction systems, a difficulty arises from 
the fact that many of the reactions are not truly reversible. 
This is the case with the permanganate-manganous system and 
the dichromate-chromic system. In these cases equation (124) 
does not give correct results, and it is preferable to use empirical 
data for these special instances. 
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When we consider equation (123) we see that the oxidation- 
reduction potential is not dependent on the total concentration 
[Red] 
[Ox] ° 
The value of ¢9 is a measure of the intensity of the tendency of 
the solution to oxidize or reduce, and not of its capacity to do so. 


of oxidant and reductant, but merely upon the ratio 


CCT a ae 


Fic. 3.—E.M.F. as a function of ratio [Ox] : [Red]. 


The latter is governed by the absolute amounts of oxidant or 
reductant, just as the buffer capacity of a buffer solution is 
governed by the absolute amounts of the components, and is 
not a measure of the real acidity, i.e., the py of the solution. 
The potential of an oxidation-reduction electrode changes only 
[Red] 


and not with the absolute 
[Ox] 


with variations in the ratio 
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amounts of the two. In instances where m is equal to 1, the 
potential changes by 59.1 millivolts for a tenfold change in the 
ratio; when ” = 2, the potential change is 29.5 millivolts. 


[Red] 


If we plot the relation between the potential of an oxidation- 
reduction system and the ratio [Red] : [Ox] in a graph, we obtain 
the bilogarithmic curve that is plotted in Fig. 3. The ordinates 
give percentages of the substance in the oxidized form, while 
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the abscissas are values of E in units of 59.1 millivolts each. 
When the solution is 50 per cent oxidized E has the value 0. 
In Fig. 4 the logarithm of the ratio rea has been plotted 
against the E.M.F. As we should expect from the equation, 
we get a straight line; for each change of 10 in the ratio, or of 
1 in its logarithm, the E.M.F. changes by 59.1 millivolts at 
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CHAPTER Ii 


OXIDATION AND REDUCTION REACTIONS AND THEIR 
EQUILIBRIUM CONSTANTS 


1. Relation between the Normal Potentials and the Equi- 
librium Constant in an Oxidation-reduction Reaction.—Let us 
consider the simple case of a piece of zinc dipped into a copper 
solution. The zinc has a tendency to give off ions to the solu- 
tion: 

Zn — Zn** + 2¢, 


whereas the copper ions have a tendency to be discharged: 
Cutt =-.2¢ Cu. 


Therefore we may expect the following reaction to take place 
to some extent: 
Zn Cutt 2 7n ie Cu. Jere eee) 


As we have seen in the previous chapter, the equilibrium 
between zinc and zinc ions is represented by the Nernst equation: 
Eze = &02n + 0.029 log [Zn++], 


and similarly for copper: 
Egopper = 80cu + 0.029 log [Cutt]. 


The reaction represented by (125) will proceed until the 
potential of zinc is equal to that of copper. We shall then have 
a galvanic cell in which the potential of one electrode is the same 
as that of the other, and which therefore can no longer give a 
current. Hence when equilibrium is reached the conditions are 
such that Ezine is equal to Ecopper and we have: 


fon + 0.029 log [Z++] = socu + 0.029 log [Cutt]. (126) 


fom = — 0.76; f&ocu= + 0.34 (Cf. list at the end of 
this book, Table IT) 
48 


NORMAL POTENTIALS AND EQUILIBRIUM CONSTANT 49 


From equation (126) we have: 


Zn++] 
0.76 ONS 47 —sO ROD 98 [Zn**], 
oT og (Gutsy 
and 
[Zn++] ini 
aE aN 
8 icut#] 0.020 °°? 
Hence 
[Zits ee ene 38 
ary = 10%? = 8 x 10%. 


It is evident that the equilibrium constant corresponding to 
(125) 

[Zn+*] 

[Cut+] 


Sekine Gas ean Eon 


may be calculated from the normal potentials. There will be 
no equilibrium until the zinc-ion concentration is 8 x 1038 
times greater than the copper-ion concentration. Practically, 
this means that a piece of zinc will precipitate the copper com- 
pletely from its solution. We may consider the reaction between 
one non-metal and the ions of another in the same way as we 
did that of the two metals. 


2I- + Bre@le + Z2Brs5 5. oe te Ad (128) 


ad ee) Cae Ser AG) 


For the sake of simplicity, it is assumed that the solution is 
saturated with respect to both halogens. As we have seen in 
the preceding chapter, the potential of a non-metallic electrode 


is represented by: 


E = 9 — 9 hog. ye eer it 2) 


For the reasons that have been discussed in connection with 
the reaction between a metal and the ions of another metal, the 
reaction represented in (128) will proceed until the potentials of 
both of the non-metallic electrodes are the same. When this 
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point is reached, there is no further source of energy to drive the 
reaction in either direction. At equilibrium we have: 


E;, = Ex, = 801, — 0.059 log [I-] 
= fpr, — 0.059 log[Br-]. . . (130) 
for, = + 0.54; eopr, = + 1.08 
(Cf. list at the back of this book, Table IT). 
Substituting these values in equation (113) we have: 
[Br-] 


1.08 — 0.54 = 0.54 = 0.059 log 


[Br-] m 0.54 le 
lo isl Sais Oe S; 
fon = 10915 = 1.4 x 109. 


At the equilibrium-point the bromide-ion concentration in 
round numbers is 109 times larger than the iodide concentration, 
if the solution is saturated with respect to both halogens. 

We shall now consider, from a quite general viewpoint, the 
simple oxidation-reduction reaction: 


Ox; + Rede @ Red; + Oxe, Le ae (131) 


in which an oxidant,! Oxi, reacts with a reducing agent, Reda, to 
yield the reduced form of Oxi, namely Redj, and Oxg, the oxi- 
dized form of the reductant. Then: 
[Ox,][Redo] 
——-~—- = K., . . . . . (132 
[Red,|[Oxe| ( ) 


As we have seen (p. 43), the following equation is valid for 
every oxidation-reduction system: 


Bie A’ — 00591 log [e)25 ee aes eee) 
when there is only one electron involved in the reaction; and 
[Ox] 


E = e + 0.0591 log (123) 


[Red] 


1 The authors use the terms “‘ oxidant ” and “‘ reductant ” instead of the longer 
terms “‘ oxidizing agent ” and “ reducing agent,” respectively. 
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When equilibrium prevails, the potentials of both oxidation- 
reduction systems are the same, and we have: 


[Oxi] [Oxe] 


+ 0.0591 1 = i 
£0, -+ og (Red, ] &0, + 0.0591 log [Redo] (133) 
or: 
[Ox,][Reds| (£0, a £0,) 
for Se on Kee eS 
eo (Redi@xl = 0.0501 ’ oe 
and, in general, when x electrons are involved: 
log K = (0, = 80,) 14 Nae ea tS) 


0.0591 


Examples.—We wish to find the equilibrium constant of the 


reaction: 
Fett+ + Cut = Fet* + Cutt, 


[Fet++][Cut] _ 
[Fet#]|Cut] ~ 
Now 
€0cul_5 cu = aii 0. 18; E0rel!_, rel = SP 0.714. 


Application of equation (134) yields: 


0.534 
0.0591 


Kea 0- Cor 0 Xe 10-18. 
Another reaction constant, which is of practical importance, 
is that for the reaction: 
hers t 2- — 2he** 1s, 
[Heme cllaie 


— log K = px = = 9.05, 


[Fet++]V[I.] 
fore _,»rét = + 0.714; Fo,_,a9- = + 0.631, 
0.083 
= Sp Sis 
ee 0501 
K = 4 xX 107?. 


Changes in which the oxidant and reductant react with the 
loss or gain of the same number of electrons have been discussed 
(equation (131)ff.). 
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The relations are more complicated if the oxidant is reduced 
according to the equation: 


Ox, + 2e @ Red), 
whereas the reductant is oxidized thus: 


Redz @ Oxe + e. 
The reaction between Ox: and Redz is then expressed by the 
equation: 


Ox, + 2 Rede @ Red; + 2 Oxs, 
whence: 
[Oxi][Red2]? _ K 

[Red,|[Oxe|? 


(136) 
For the Oxi-Red, system we have the equation: 


(137) 


0.0591 
Ei = &, + 


lo [Ox;] 
2 
And for the Oxe-Red2 system: 


[Redi| 


Pee BEE low LO* 


[Reda] 
At equilibrium we have, according to equation (136): 


Ei = E,, 
or 

[Ox1] 
[Red,] 


0.0591 
0, + 5 log 


= £0, + 0.0591 log [Oxs] 


[Ox]? 
5 108 Fedo)?” (138) 
log lO=) {Redo}? 


OF O59) aaa ee) 
In the same way we may derive an equation for the reaction: 


Ox; + 3 Redz @ Red: + 3 Oxo: 
ee [Ox:] [Reds]? 
[Red,| [Oxe|? ; 
_ 3(80, — £0,) 
10g Ke eaG Osos 


(140) | 


(141) 
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Example.—Let us derive the equilibrium constant for the 
reaction: 
Snt+ + 2Fet++ 2 Snt+t+++ 4 2Fet+ 


[Snt++] [Fet+++]2 


[Sn++++] [Fet++]?2 


In 1 N hydrochloric acid, 


E0sn++++—» Snt+ = + 0. 138, 
whereas 


EOKFe++—» Fe++ = -+- O. iae 


Oa), NES) 
0.0591 


— log K =1975 


K = 10-195 = 3 x 10-2, 


Having discussed a number of special instances, we shall 
now derive the general expression for the constant K of the 
general reaction: 


a Ox; + 6 Redz @ a’ Red; + 0’ Oxe; 


[Ox,]? [Reds]? 
[Redi|” [Oxe]” 


ey Giardia tes erak Weel a) 


The characteristic electromotive force expressions for each 
oxidation-reduction system are: 


b 0.0591, [Ox,]? 

Ber Cea x ave [Red |” 
and : 
“ 0.0591, [Oxe] 

E2 = & + - log [Red,]*” 


When equilibrium is established, Ey = E2, and we have: 


0.0591 [Ox,]* 0.0591 [Oxe]” 
_= ] = 
fo, + log [Red | f00 + mine’ [Reds 
Whence: _ 
1 [Ox;] [Rede] zy = (E00 = 0a) ¢ (143) 


[Redi|” [OxP °° 0.0591 
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Equation (143) is generally applicable; by means of it we may 
always calculate the equilibrium constants when the normal 
potentials are known. 

It is of interest to note here that these considerations are 
also very important in ordinary analytical titrations. Most 
of these analytical processes have been developed in an empirical 
way. We are able to calculate, with the aid of the equilibrium 
constants (see Table II, p. 325), how far a given reaction will 
proceed toward completion. 

Examples.—1. In the reaction: 


Fet++ + Cut @ Fett + Cutt, 


which has been discussed above, x is equal to 1, and 
log K = (€0, = €0a) 
0.0591 ’ 
as found above in a different way. 
2. When we apply equation (143) to the reaction: 


2Fer ont 2 her sone ea 


we have the two partial systems: 


0.0591, _[Snt+++] 
€0sn-+ 2 log [Sn ++] 


0.0591 Fet++|? 
2Fett* + 26 = 2kett: Ee = core re eae 


Sl Pate e tau: Fi 


In*this case? i= "2 gga 1 = ene 


= log K pes (8orn — osx) 2- 
0.0591 


3. The reaction between ferrous iron and potassium per- 
manganate in acid solution may be represented by the equation: 


MnOie SH? oer ns chemise 4 tio oO: 


[MnO,~][H*+]§[Fe++]5 


[Mnt+][Fe+++]5 =K. 
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We have here the following oxidation-reduction systems: 


MnO,- + 8H+ + 5e@ Mn++ + 4H20: 


0.0591, [MnO,-][H+]8 
E; = - peered plate 2 ogre 
1 = €0mn0, + $ log iia 


She? tT t<1-:5¢ = SFet+; 


O10s01 [Fete 


E2 = E0r- + ry es og ‘[Fet*]’ 


(Eomno, = Ere) 5 
0.0591 


— log K = 


The & value of the permanganate is very largely dependent 
upon the hydrogen-ion concentration of the solution. When 
the latter is equal to 1 N, we have sono, = 1.52, and since 
fore = 0.71, we have: 

(p52 ON 


Slonke— 
°8 0.0591 


68.6, 


and 
Ker 255-510-829. 


2. The Relation between the Concentrations at the Equiva- 
lence-point.—As we have seen in the preceding section, we may 
consider an oxidation-reduction reaction to be reversible, and 
we may therefore apply the law of mass action to such a system. 
If the normal potential corresponding to each partial reaction 
is known we can calculate the equilibrium constant of the total 
reaction. 

Consider the titration of a solution of an oxidizing agent: 
When we have added an equivalent amount of reductant, we 
have reached the equivalence-point, as we shall call it, ie., the 
theoretical end-point of the titration. It is important, for 
several reasons, to know the relations between oxidant and 
reductant at the equivalence-point. Before the more general 
equations are introduced, let us consider the simple reaction: 


Ox; + Reds = Redi + Ox, . . . (131) 
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whose equilibrium constant: 


_ [Ox] | ee Rey ae 6 69) 


may be calculated, as we have seen in the preceding section. 
At the equivalence-point, when we have added an amount of 
reductant that is equivalent to the oxidant, we have: 


[Ox1] ar [Red,| ma [Oxo] i [Redg]. 


Moreover, equivalent amounts of Red; and Oxez are formed, 


therefore: 
[Red] = [Oxo], spy e® -seoare (144) 


(Oxq| =" [Reda . eee a ancl) 


and 


From (144), (145) and (132) we find at the equivalence-point: 


» Oxi)? (Redo? 
eS iRed lO 


or 


[Oxi] _[Red]_ ye | | (446) 


From the above, we see that at the equivalence-point the 
ratio between the original oxidant and its reduction product, or 
between the original reductant and its oxidation product, is 
independent of the total concentrations of these substances. 

Example.—For the reaction: Fe+++ + Cu+ @ Fet++ + Cut 
we have seen that —log K = 9.05 (cf. p. 51). 

From equation (146) we find at the equivalence-point: 


[eso ea lOng) 


9.05 
ee eee eh () eee ee) 5, 
[Fer] ~ (Cut ; fou 


We shall now consider the reaction: 
Oxi + 2 Red2 @ Redi + 2Oxe, . . . (136) 


_ [Ox,] [Rede]? 
iRed Ose a ae eee aa) 
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At the equivalence-point we have: 


2 [Ox:] + 2 [Red,] = [Oxe] -+- [Redo], 
and also: 
HINA eal ee (OY ee a (147) 
and 
2 NO xa eel edole eae yon a 148) 


From (137), (147) and (148) we find at the equivalence-point: 
[Ox,]8 [Redo|3 


~ fRedi®  [Oxa]3’ 
[Oxi] [Reds] 


Rea etoal. = Nene e140) 


The ratios are again independent of the total concentration of 
the solution to be titrated. 
Example.—For the reaction: 
Siti het te on heat 4: het 


we have calculated that — log K = 19.5 (cf. p. 53). 
From equation (149) we see that at the equivalence-point: 


[Fet++] fs: [Sn++] ee BL _7 
iFe*4] = (Snte44] cl NO Ser Yas Scan 8 i 
In the same way as we have done above, we may derive the 
conditions for the general case: 
a Ox; + 6 Redz @ a’ Red: + 0’ Oxo, 
[Ox:]* [Red»|’ 
= Be pie ice ae a ee ee 
[Redi|* [Oxs]’ ee 
At the equivalence-point, a moles of Oxi have reacted with 6 
moles of Reda. Hence, the ratio of the molecules that have not 
yet reacted must also be as a: 8, or 
[Oxy] a 
SS hb Tee ts din” Gee LOU 
[Redz] 0b oy) 


We see also that for a’ moles of Red; formed there have been 
formed b’ moles of Oxz; hence, at the equivalence-point: 


(Rodeo es eG) P45) 


K 


[Oxe| b” 
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From (150) and (151) it follows that: 
b [Oxi] = a[Red2], and 0’ [Redi] = a’ [Oxo], 


or 
b [Oxi] _ a [Reda]. 
b’[Redi] — a’ [Oxe] ’ 


[Oxi] _ ab’ [Red2] 


[Redi] ~ a’ [Oxa] Me?) 
[Reds] a a'b [Ox] 
One ab. Relies oa (153) 
Therefore, at the equivalence-point we have: 

a’b [Ox:] a+1 he ab’ [Reds]’*? < 

ab’ (Redi|-" © ab [Ox 7 
[Ox] = ab’\’ 
Ren (=) Ki ee emeen) 
[Red] A aoe 5 
ons Hi Ko 5 ey eres) 


In practice, these complicated equations are simplified by 
the fact that there is usually a simple relation between a, a’ and 
b, b’. When a = a’, and b = 0’, we have instead of (154) and 
(155) the simple equation: 

[Ox:] [Reds] 


[Red;] ~ [Oxo] aN Ke ek. ee 56) 


(@=¢ sand: b= 0) 


Examples.—In the reaction between ferric and cuprous ions 
the ratio at the equivalence-point is VK. 
In the reaction between ferric iron and stannous tin: 


eerie es ANE tne edsy as oe 
and the ratio at the equivalence-point is WK. 
Now consider the reaction: 


MnO.- + 8Ht + 5Fet*+ = Mnt+ + 5Fet+++ + 4H20, 
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for which we have calculated that — log K = 68.6 at a hydrogen- 
ion concentration of 1 N. In this case,a = a’ = 1; b = Bb’ = 5, 
and at the equivalence-point we have: 


MnO,-— Fett vo 68.6 
a = a = VK = 1076 = 10-14 = 4 x 10-2, 
This calculation shows how far toward completion the reaction 
between permanganate and ferrous iron proceeds in acid solution. 
3. Change in Ratio between Oxidant and Reductant, and in 
their Concentrations, in the Neighborhood of the Equivalence- 
point.—The potential of an oxidation-reduction electrode is 
not dependent upon the total concentrations of oxidant and 
reductant, but merely on the ratio of the two. Therefore, it is 
of interest for potentiometric purposes to find how the ratio 
between [Oxi] and [Red;], or between [Redz] and [Ox], changes 
in the neighborhood of the equivalence-point. On the other 
hand, it is of interest for ordinary titrations to know the actual 
ion concentrations in connection with the sensitivity of the 
indicator and the accuracy of the titration. 
We shall again consider first the simple reaction: 


Ox; + Rede @ Redi + Oxe, . . . .. (131) 
[Ox;][Rede] 
ee = IK. Eee ee rs ISH 
[Reds|[Oxe] ( ) 


At the equivalence-point we have: 


[Oxi] _ [Reds] _ vyR | | (146) 


The sum of [Oxi] and [Red;] is known, and is, let us say, equal 
tO'C. 


[Oxi] + [Redi]} = [Oxe] + [Redz] =c. . . (157) 
Then at the equivalence-point we have: 
C 
Redi} = [Oxe] = ————._. . (58 
[Redi] = [Oxe] oe ie (158) 
cVK 


[Oxi] = [Redo] = (159) 


1 VK 
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We know that the titration of an oxidant or reductant, as 
represented in equation (131), gives good results only when the 
reaction goes practically completely to the right, or in other 
words when the equilibrium constant, K, is very small. In 
these cases VK is negligible as compared with 1, and we have, 
instead of equations (158) and (159): 


[Red;] = [Oxe] = c. Stpolek axee ve ce (160) 
[Oxi] = [Rede] =cVK. ~. . . (161) 


c being the total concentration of each system. 

Now let us assume that we add an excess of Ox; equal to a 
(with an excess of Redg we should obtain the same equations). 
Then the total concentration of Ox; will be smaller than 
a+cvVK, because the amount of Ox; and Redz at the equiv- 
alence-point is diminished, owing to incompleteness of the 
reaction, by an excess of one of the components on the left side 
of the equation. If we designate as « the concentration of the 
Ox, and Red, that have not reacted in the presence of excess of 
one of the components, then the total concentration of Ox, will 
be a+ x, and [Redz] = x Moreover, we may assume that 
the concentrations of Red; and Oxe, which are already large at 
the equivalence-point in comparison with those of [OQx:] and 
[Red2], remain unchanged, i.e.: 


[Reds] = [Oxe] = «. 
By the application of equation (132) we find: 


CTR ore 
C 


C *) 
pee ome aers! (162) 
: ; era 


When x becomes so small that it is negligible in comparison 
with the excess a, we have the simplified equation: 


tes Ce oe et A LOS) 
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In the presence of an excess a of Ox; we have the ratio: 


wa Pet Ca 2 
[Ox,] a7 Tae 


Reds ee ; hy Sa, oe (164) 
or whenever we may apply the simple equation (163): 

[Oxivenea. 

REGeET Ie Tle oe oo (165) 

In the same way we find for: 
[Oxe] _ C 
ED a el ae e ae 
2 4 

or when the simple equation (163) is applicable: 

1Oxe| ..@ 

Ro toe eee ee (167) 


Example.—Fet** + Cut = Fet+ + Cut+. As was shown 
on p. 51, thé equilibrium constant, K, for this reaction is 10-°. 
At the equivalence-point: 

teria wee OUST pet ray Gp =. % 

ests] (Car V'10-95 = 3.0 X 10-5, 
Now let us assume that the total iron or copper concentration is 
0.1 molar at the end-point. Thenc = 0.1. If we add a 1 per 
cent excess of ferric ion, a = 10-8, then x = 1 X 10-8, which 
may be considered negligible in comparison with a, and we may 
apply the simplified equations (165) and (167): Upon the addi- 
tion of a 1 per cent excess of ferric ion, we find that the ratio 
ier] changes from 3 X 10-5 to 10-?, and the ratio Level 
[Fet*] [Cut*] 
irom. 3) <1 10 >sto 9 & 10-8, 

If c were not 0.1 molar, but had any other value, we should 
find the same variations in the ratio upon adding 1 per cent 
[Oxy] ae [Reds] 
[Redi] [Oxo] 
is independent of the total concentration of oxidant or reductant to 
be titrated, 


excess of ferricion. Hence the change of the ratio 
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We have for the reaction: 
Ox; + 2 Redz @ Redi + 20Oxe.. . . (136) 


[Ox i] [Red2|? 
[Redi] [Ox:]? 


And we know that at the equivalence-point: 


[Oxi] #2 [Oxe] pes 
[Red,| - [Red2| = VK, 


and [Redz] + [Ox2] = c, whereas [Oxi] + [Redi] = 4c, where 4c 
is the sum of the molar concentrations of the oxidant and its 
reduction product at the equivalence-point. If the reaction 
is practically complete at the equivalence-point, we may again 
assume, as in the preceding case, that: 

[Red:] = 4c, and [Oxe] =c. If now [Ox:] = 4x, and 
[Rede] = x, we have from equation (137): 


= Ke. Ga ae ede 


(149) 


1,3 ys 
2 aKe Olav 6V Keil ee eetLeS) 


ia 


If we add a small excess of Redz we may assume that [Red,] 
and [Ox2] remain unchanged. This is entirely permissible in 
practical cases. Then it is possible to derive a new set of equa- 
tions, from which the total concentration of [Redz] = a+ x 
and [Oxi] = 3“ may befound. These equations are complicated, 
however, (third-power equations). Therefore we shall assume 
the simpler case where x is negligible in comparison with a. 
Then we have: 

[Reds] = a; also [Redi] = 3c, and [Oxe] = c; 
and: 


x 
= K, or [Ox:] = 5K. ee (169) 


If we add an excess a of Ox, we find: 
3 
[Reds] = ete AA) ead 70) 


If the value of [Ox:] in equation (169) or of [Reds] in equa- 
tion (170) is not negligible in comparison with a, it is advisable 
to plot the values of [Ox:] or [Reds] against a in a graph, and to 
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derive the correction values from this graph. (Cf. Solubility 
products, p. 9.) Having the expressions for [Ox:] or [Redo] 
in the presence of an excess of one of the components, we may 


Iculate the change of fopacen Reds} 
calculate the change of the ratio [Red,]’ or of [Ox] nndey 
these conditions. In the presence of an excess a of Redz, we find: 

[Ox:] C 
[Redi] J me . . . . . . (171) 
and 
[Redo] ww 
[Oxe] ee 
In the presence of an excess a of Ox1, however, we have: 
[Oxi] 2a 
[Redi] c’ Ce) 
[Reds] = € 
‘[Oxe] ae aa . . . . . . (174) 


If we express a in per cent of c we find again that the change in 
the ratios which we desire to determine is independent of the 
total concentration. 

Ezanple: Sntss-- 2Fets+ 2 Snt*tt + 2Fettt, 
[Snt++][Fet+++]? 
[Sn++++][Fe++]2 

At the equivalence-point: 
[Fet++] [Snt++] 
= = 10505 =73.25<110-7. 
[Fet+] [Snt+++] x 


If the sum of the concentrations of ferrous and ferric iron is 
equal to c, and if we have a1 per cent excess of ferric iron, then 


= 1075 = 3 x 10-2, 


f= 10-2, and £ = 100. In the presence of this excess we have: 
a a 


ar 02 ee er (172) 


and 
++ 2 
ea = SK = 10-155 = 3.2% 10-16, . (171) 
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Both values were equal to 3.2 x 10-7 at the equivalence-point; 
++4- 
hence the [eae has increased 3 X 10* times, whereas 
(Pou 
[Sn +] 
(Snt++4] 


cent ferric iron, the ratios would be: 


has decreased 10° times. In the presence of 0.1 per 


+++ 
Loy = : = 10-3 (an increase of 3 X 103 times) 
++ 
ena = 10-135 (a decrease of 107 times). 


If we add an excess of 1 per cent of stannous tin (referred to 


the concentration of the stannic form) we find: 
2a 


t= 10, and nr 102, 
C 2a 


In the presence of this excess we have: 


Fet+++ 
oy = V100K = V10-75 = 10-875 = 1.8 x 10-9, 


and [Snt+] m 
eee il ee, 
[Sn+++4] 
Pi Pecit| : : 
The ratio (Fer) has been decreased 180 times with 1 per cent 


excess of stannous tin, whereas it is increased 30,000 times by a 
1 per cent excess of ferric iron. From this we see that the 
changes in the ratios between oxidant and reductant are not 
symmetrical on both sides of the equivalence-point. 

We shall now consider the more general case: 


a Ox; + 6 Redz 2a’ Red, + b’ Oxg. 


For the sake of simplicity the discussion will be limited to those 
instances in which there are formed from Ox; an equal number 
of molecules of Redi, and from Redz an equal number of mole- 


cules of Ox2; hence: 
a= a, and b=.b% 
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Then we have: 
[Ox:] ye 
Ste oe elaine oi nee, dae 
(en [Oxs| ee, 


At the equivalence-point: 
[Oxi] _ [Reda] _ Ye 


[Red;| [Oxo] 


(156) 


If, at the equivalence-point: [Oxi] + [Redi] = c, we have 
[Red2] + [Ox] = m6. If the reaction is practically complete at 
the equivalence-point, then: 


Rede calor m6 


If [Ox:] = x, then [Reds] = 2. From these relations and 


equation (156) we find at the equivalence-point: 

a GR ented trae eee 17) 
Cen Ke, a el) 
We assume once more that [Red,] and [Ox2] remain unchanged 


upon the addition of an excess a of Ox:. If we put the excess 
of Ox; equal to the total concentration of Ox, we have: 


[Oxi] = a; [Redz] = 4%; [Redi] =c, and [Oxe] = a 


From these relations, and from equation (156), it follows that: 


ey (iy =K. [Reds] =“ (* 


a 


Then in the presence of an excess a of Oxi, we have: 


[Ox:] ago 

Renee (177) 
[Redo] cs : i 

oa = (5) Keser (78) 
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In the presence of an excess 6 of Redz, we have [Redz] = B; 


Gale “3 Red ee cand 


Cor K; 
Coa lao 
=¢ 
a 


(*)® -.. (179) 
B 


[Redo] Sa B 
fone iz (180) 
a 


From equations (177) to (180) we see that the change in the 
ratios between oxidant and reductant in the neighborhood of 
the equivalence-point is independent of the total concentrations 
of the substances present, provided we express the amounts of 
the excesses added as fractions of these total concentrations. 

Example.—We shall again consider the reaction: 


MnO,> + 8Ht + 5Fet** 2 Mnt* + 5Fe*t* + 4H20. 


If the hydrogen-ion concentration remains constant at 1 N, we 
have: 


[MnO,-][H +]§[Fe* +]5 
Z [Mn++][Fe+++]5 


= K = 10-886 = 2.5 x 10-®9 (cf. p. 55). 


In this instance a = 1, and 6 = 5. At the equivalence-point 
we have: 


[Mn++] in [Fe+++] 


[Minar es [Resi iees qecse 


= 10-143 = 3.7% 10-12 | . (156) 
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If the total concentration at the equivalence-point is 0.1 
molar, then [Fe+++] = 0.1, and [Mn++] =c =4X0.1 and 


6. 
[Fe++] = 0.1V10-68-6 = 3.7 x 10-13, , (176) 


[MnO.-] = 0.02V/10-8% = 0.74 x 10-13, . (174) 


Now if we add an excess of 0.1 per cent of ferrous iron, we 
find: 


In the presence of a 0.1 per cent excess of ferrous iron we have: 


[MnO,7] aa 
tT = (108)910-886 = 10-36 = 2.5 x 10-54 (179 
[Mn+] (108) x (179) 
(heme) 
eee hn gees a wa. ee oe oe set LOU 
[Fe+++] (180) 
The ratio Jf**]_ has been changed from 3.7 X 10-!? at th 
edo reer] as been changed from 3. at the 
equivalence-point to 10~* by this excess of ferrous iron, and 
the ratio aa has decreased 7 X 104! times. The changes 
that are made by the addition of 0.1 per cent excess of per- 
manganate are quite different: — = 107% 
© = 103, 
a 


In the presence of this excess of permanganate we have: 


[MnO,.-] _ ot 
fama, TO U8) 
$25 
eer =~ Vi@eK = 10-1272 = 1.9 10-13 . (182) 
e 


[Bet 7] 


[Fer] has been decreased only 20 times by 


Hence the ratio 
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addition of 0.1 per cent excess of permanganate, whereas the 
increase of this ratio by an addition of 0.1 per cent of ferrous 
iron is 3 X 108 times. 

4. Change in Ratio between an Oxidant and its Reduction 
Product upon Precipitation of One of the Components.—When 
we have a mixture of an oxidizing agent and its reduction 
product and add a solution that gives a precipitate with one of 
the components, the concentration of the other component 
decreases a little, owing to the increasing dilution. If we neglect 
the change in volume, we may say that one of the concentra- 
tions remains unchanged whereas the other disappears because 
of the precipitation. We have here the combination of a pre- 
cipitation reaction with an oxidation-reduction system. 

Let us assume, for example, that we have a mixture of ferri- 
and ferrocyanide, and that we are titrating the latter with a 
lead solution. The ferricyanide does not react, and its con- 
centration ¢ in the neighborhood of the equivalence-point 
remains constant. The ferrocyanide concentration, however, is 
decreased by the precipitation: 


Fe(CN)=.5 + 2Pb++ = Pb2Fe(CN)g¢. 


The manner in which the ion concentrations change in the 
neighborhood of the equivalence-point was discussed in Chapter I. 
If we call the concentrations of the ferrocyanide x, x’, x’, etc., 
respectively, we have the corresponding ratios: 


x" 


/ 
or ie —... elC. 
Care 
from which we see that the ratio changes in proportion to the 
variation of the ferrocyanide concentration. In Part Two we 
shall see that we may make several important applications of 
reactions of this kind (determination of zinc, lead, etc.; the use 
of the iodine electrode, etc.). 

5. Determination of One Reductant or Oxidant in the 
Presence of a Second.—When we have two different reducing 


? Following the usage of Erich Miiller, the authors write the expression Feoc 
for ferrocyanide ion, and Feic for ferricyanide. 


RATIO BETWEEN AN OXIDANT AND REDUCTION PRODUCT 69 


agents of quite different reduction intensities (reduction poten- 
tials) in a solution, it is possible to oxidize one, more or less 
quantitatively, before the other is oxidized. If we have, for 
example, a solution of stannous and ferrous ions which we are 
titrating with a strong oxidant, such as permanganate, the 
stannous tin is oxidized first, after which the ferrous iron is 
oxidized to the ferric state. 

The discussion of this special case can be shown to follow 
from the general cases that have been discussed in this chapter. 
At the first equivalence-point where all of the stannous ion is 
oxidized, we have the equilibrium: 


Cnt 2hett+ Snot tet oe ts 


As explained on p. 51, if we know the normal potential of 
each system we may calculate the equilibrium constant of the 
reaction; and from the latter, we may deduce the changes in 
the ratios miouaile and enn] in the neighborhood of the 

[Sine t+] [Fe++] = 
equivalence-point. 

In general, we may say that when we are titrating a mixture 
of two reductants, Red; and Redz, with a strong oxidizing agent, 
at the first equivalence-point where the amount of oxidant that 
is added is equivalent to Redi, we are dealing with the reaction: 


a Red, + 6 Oxe = a’ Ox; + 0’ Redo. 


All that has been said about this reaction in the preceding 
paragraphs may be applied here. 

These considerations are also valid when we are titrating a 
mixture of two oxidants with a strong reductant. As we shall 
see in Part Two, simple separate determinations, which are of 
great practical importance, may be made in this way. 


CHAPTER TE 


RELATION BETWEEN THE CHANGE OF THE ION CON- 
CENTRATIONS AND ELECTRODE POTENTIAL IN 
COMBINATIONS OF IONS 


1. Potential at the Equivalence-point in Precipitation Reac- 
tions. Equivalence-point Potential (Equivalence-potential).— 
When we have added an equivalent amount of precipitating 
reagent to the solution of an ion we have reached the equivalence- 
point, or the theoretical end-point, of the titration. This is not 
the same as the actual end-point, for the latter includes the titration 
error. For this reason the authors prefer the name “‘equiv- 
alence-point”’ rather than ‘‘end-point.”’ 

The electrode whose potential indicates the change in con- 
centration of the ion to be titrated is called the indicator elec- 
trode. In the present work, the potential at the equivalence- 
point will be called the equivalence-point potential, Ex,! or 
simply, the equivalence-potential. 

If we consider the general reaction: 


xB" t ee yA" zB, 


we have, according to equations (25a) to (29a), at the equiv- 


alence-point: 
r+y y 
[Bea V() Supapatis oot (aoa) 


[A"-] IG ee nC 


Ps = ae rat — y log *). oS (28a) 


1 
— xlo are (290 
te <( bs g 2), (29a) 
1Erich Miiller, ‘‘ Die Elektrometrische Massanalyse,” Dresden (1923), p. 22, 
uses the name “‘ Umschlagspotential ”’ (inflection-potential). For the theoretical 
reasons mentioned above, the authors prefer the term equivalence-potential. 
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From the above and from equation (111), we find that the 
equivalence-potential Ex, of electrode B will be: 


Erg = fon + ee Spray + y log *) 

a = £03 — romani — ylog *), eee iss) 
Ex, = 0a — resales Spray + x log *) 

= £04 + y(t + slog *) Op CRS 


Examples —If B+ and A~ are univalent, as is the case with 
the silver halides, then at the equivalence-point: 


0.0591 
Exp = Son = Ss: 
2 
(0). — 
Exa SF TON ote ps: 


If B+ is univalent, cae A bivalent, as in the case of silver 
chromate, silver oxalate, etc., we have: 


0. ste log 2) = toe + 0.006 — 0059 


3 PS 
0. ve 


Erp == X03 ae 


Ue or (os + + 2 log 2) = so, + 0.006 + 


Era = fa + ps. 


If B is univalent and A is quadrivalent, as in case : silver 
ferrocyanide, we find: 
) . 0.0591 
(ps _ log 4) = fon + 0.007 — 5 p 


0. ee 
oe 3, + 4log 4) = eo, + 0.007 + 


Erp = £058 — S- 


Era = 0a + ps- 


2. Change of the Ion Concentration, or Ion (aN and 
of the Electrode Potential, during a Precipitation Reaction.— 
Since we are considering the general course of the titration curve 
during a precipitation reaction, we assume for the sake of sim- 
plicity that the volume of the solution does not change during 
the titration. This assumption does not introduce any appre- 
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ciable error at the point where the rapid change in the ion con- 
centration takes place, i.e., at the equivalence-point. We shall 
start with the simplest case, that of the titration of one univalent 
ion with another. 

For example, let us titrate 0.1 N silver nitrate with chloride 
in such a way that the volume remains unchanged. Since the 
silver nitrate is a strong electrolyte, the silver-ion concentration 
is equal to 0.1 N, or pag = 1, at the beginning of the titration. 
After the precipitation of 90 per cent of the silver as chloride, 
the silver nitrate concentration is 0.01 N; [Agt] = 10-%, or 
Pag = 2. By the precipitation of 90 per cent of the silver, pu, 
has only increased by 1, and the potential of the silver electrode 
has therefore decreased by 59.1 millivolts. After the precipita- 
tion of 99 per cent of the silver: [Ag*t] = 10-°, p,, = 3; for 
99.9 per cent of the silver, [Ag+] = 10-4, pag = 4. If we now 
add the last 0.1 per cent of chloride we have a saturated solution 
of silver chloride, where [Ag+] = VS, or Pag = ps. 

Since Sago: is about 10-1°, the [Ag+] in this saturated solu- 
tion is 10-5, and pag = 5. It is easy to calculate the change in 
[Ag+], ae, and electrode potential, that would be made by 
successive additions of chloride in excess. The changes of ion 
concentration, ion exponent, and potential are represented in 
the following table. The potential values are referred to the 
original value in 0.1 N solution. 


TiTRATION OF 0.1 N Sitver NITRATE WITH CHLORIDE. Sagci = 107” 


Per Cent Ag AE 
Precipitated [Ag] Pag Ese Ac 
0 10m 1 a 
90 105 2 a—0.059 
99 10m? 3 a—2X0.059 7 
99.9 (Ome + a—3X0.059 66 
100 iQ 5 a—4X0.059 590 
Excess of Cl7~ 
Per Cent 
Om 10-6 6 a—5X0.059 66 
i 1Ome 7 a—6X0.059 7 
10 10m 8 a—7X0.059 
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In Fig. 5, the change in fag, or in the potential, is plotted 
against the percentage of silver precipitated. The left-hand 
ordinate gives the pag, values, while the right hand one gives the 
corresponding change in the potential. For each change of 1 
in pag there is a change of 59.1 millivolts in the potential. The 
abscissas give the percentage of the silver precipitated. The 


0 10 20 30 40 50 60 70 80 90 100 =110 
% Ag precipitated 


Fic. 5.—Precipitation of silver chloride. 


point where pag = 3s is the equivalence-point; the potential 
here is Egg. As we see from the curve and the table, there is a 
sudden jump in the potential at the equivalence-point. The 
greatest change in potential or in ion exponent upon the addi- 
tion of a little silver nitrate, or chloride, occurs at this point. 
If we express the change of potential in millivolts as a function 
of the amount of reagent added, ie., if we calculate the differ- 
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ential quotient - c being referred to 1 cc. of reagent, we find a 
C 


maximum value of = exactly at the equivalence-point. ‘The 


“break,” or jump ” in the potential, and also the accuracy of 
the titration, are dependent upon the magnitude of this quotient. 
The larger it is, the more accurate the titration. 


The magnitude of a is dependent upon the concentration 
C 


of the solution to be titrated, and upon the solubility product of 
the precipitate that is formed. The more concentrated the 
solution, and the smaller the solubility product, the greater is 


the jump in the potential, and in the value of = , at the equiv- 
@ 


alence-point. 

In the following table are given the changes during the titra- 
tion of 0.01 N silver solution with chloride. It is not permissible 
to neglect the influence of solubility upon the total ion concentra- 
tion near the equivalence-point. The authors have calculated 
the correction, x, according to equation (12). (See Chapter I, 


Datos) 


TiTRAtION OF 0.01 N Sirver NITRATE WITH CHLORIDE. Sagci=107" 


Per Cent Ag AE 

Precipitated [Ag] Pag Eng Ac 
0) 1052 2 Eoag—1 X0.059 

90 10m: 3 Soag—2 X0.059 7 

99 10m 4 Soag—3 X0.059 52 

99.9 LOS GO? 4.80 Soag—3.8X0.059 118 

100 105° 5 Boag—4 X0.059 118 

100.1 6.41076 Dae Eoag—4.2X0.059 52 

101 10-6 6 Boag—5 0.059 7 
110 10m4 7 Eoag—6 X0.059 


(Cf. the curve in Fig. 5.) 


2In most cases, the authors will use the expression “jump” for the sharp rise 
or fall in the potential in the neighborhood of the equivalence-point. ‘‘Break”’ 
has been used to describe this phenomenon by Willard and Fenwick, J. Am. Chem. 
Soc., 44, 2504 (1922). 
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In order to demonstrate the influence of solubility product, 
the authors give, in the following table, the values for the titra- 
tion of 0.01 N silver nitrate solution with iodide. The solubility 
product of silver iodide is 10-1; hence the silver-ion concentra- 
tion at the equivalence-point is 10-8, or pag = 8. 


TITRATION OF 0.01 N Sitver NitRATE witH IODIDE. Sagr=107'6 


Per Cent Ag | AE 

Precipitated [Ag*] Pag Fag Ac 
0 10m 2 Boag— 1X0.059 

90 Ome 3 Goag— 2X0.059 7 

99 1054 E 4 Eoag— 3X0.059 66 

99.9 Ome 5 Goag— 4X0.059 1770 

100 IO" 8 Soag— 7X0.059 1770 

100.1 10m 11 Goag—10X0.059 66 

101 tO 12 &o4g—11X0.059 7 
110 LOS 13 Goag—12X0.059 


In Fig. 6 the values of ~ are plotted as ordinates against 


the excess of silver, or halide in the vicinity of the equivalence- 
point. 


It is evident from this figure that = is greater the smaller 

the solubility of the precipitate and the greater the concentra- 
: : AE : 

tion of the solution to be titrated. If the Ac © curve is very 


flat near the equivalence-point the titration can not give accurate 
results. 
In the instance given, where both ions of BA are univalent, 


the change of ps, or = is symmetrical on both sides of the 
C 


equivalence-point. If we had calculated the corresponding 
values for halogen-ion concentration instead of [Ag+] and pag, 


AEs 
we should have found exactly the same changes in ee 


The reader is referred to W. D. Treadwell * for the special 
2 W. D. Treadwell, Helv. Chim. Acta, 2, 672 (1919). 
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Bir 
Q\m 


100 


aS 


pee 


10.01 N Ag+ cr 
11 0.01 N Agi+cl 


III 0.01 N Ag'+ I~ 


100 
1% 1% 


Excess of silver 


AE 
Fic. 6.—Change in re near the equivalence- 
G 


point in the precipitation of 


<— —» Excess of halide 


silver halides. 
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characteristics of the 
precipitation curve of 
BA in the presence of 
salts. 

The Composition of 
the Precipitate 1s BgA.— 
If we are titrating a solu- 
tion of B-ions with a 
reagent which contains 
the bivalent ions A-, 
and if we use the metal 
B as indicator electrode, 
the general shape of the 
precipitation curve will 
be the same as in the 
case where BA is formed. 
In the neighborhood of 
the equivalence-point, 
however, there are strik- 
ing differences, as may 
be seen from the follow- 
ing table. The varia- 
tions in the ion expo- 
nent and in the electrode 
potential in the presence 
of an excess of B* are 
quite different from 
those observed in the 
presence of an excess of 
A=; hence the variations 
in the potential, or better 


in ae before and after 
C 


reaching the equivalence-point are not the same. 


An illustration will serve to demonstrate this point. 


Sup- 


pose we have a 0.1 N silver solution which we are titrating with 


an oxalate solution. 


Assume that the volume remains unchanged 


CHANGE OF THE ION CONCENTRATION 77 


during the titration. The solubility product is 10-12. The 
reader is referred to Chapter I, p. 5, for the method of cal- 
culating the ion concentrations near the equivalence-point. 


TITRATION OF 0.1 N Sirver NITRATE WITH OXALATE. S=107?2 


Per Cent Ag AE 
Precipitated [Ag*] Pas Fag | Ac 
0) 105 1 Soag—1 X0.059=Soag—0.059 
90 102 2 Eoag—2 X0.059=Soag—0.118 
99 1073 3 Goag—3 X0.059=€Eoag—0.177 44 
99.7 SE SOS NBS) Go0aAg—3.5 X0.059= Soag—0. 2065 77 
99.8 DROP Omen |p oR OS Goag—3.63 X0.059 = Soag—0. 2142 a4 
99.9 TEfo> 10 RANGE 6 Soag—3.76X0.059= Soag—0. 2219 81 
100 1201 0man ies 290 Soag—3.9 X0.059=080ag—0. 230 
Excess of 
Oxalate 60 
Per Cent 
0.1 Seles Zt Boag—4 X0.059=&oag—0. 236 <0) 
On2 8.4 107 | 4.08 Eoag—4.08 X0.059 = Soag—0. 241 31 
1 See Omen PAeoO Soag—4.5 X0.059= Soag—0. 266 


| 


In the following table are represented the corresponding 
changes of the A--ion concentration, and of the potential of 
the A electrode, in the neighborhood of the equivalence-point. 


TITRATION OF 0.1 N Srtver NITRATE WITH OXALATE. S=107!2 


Per Cent Ag a | : AE 
Precipitated Looe PA ae Ac 
99 10-§ 6 Eo+3 X0.059 = &) +0. 117 4 
99.7 107-5 5 S&o+t2.5 *0.059=&)+0.1465 65 
99.8 teem 4.76 &o+2.38 K0.059=8)+0.140 90 
99.9 Sa/onclOme 4.43 &)+2.215 X0.059 = &) +0. 131 x0 
100 Os! SCIOHe 4.20 &o+2.10 K0.059=8)+0.124 60 
Excess of A~ 
Per Cent 
Oa) 1 Pallas 4 Eo +2 x0.059=s+0.118 45 
0.2 1.4210 3.85 &o+1.925 K0.059 = &) +0. 1135 20.5 
1.0 | eZ, SRO 3.28 &+1.64 K0.059= &+0.097 ’ 
| 
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AE, 


Figure 7 represents the changes in ne and - Ag neat the 
C C 


equivalence-point. 
From the table and from Fig. 7, we see that the maximum 


value of does not appear exactly at the equivalence-point, but 


Cc 
BE 
AG 


AE 
Bre: ree curves for salts of the type BoA. 
C 


appears when there is a small excess of silver ions. If we con- 

: AE. : ; 

sider the point where Ae io maximum as the end-point, we are 
C 


introducing an error, which in this instance would be =0.2 per cent. 

The magnitude of this error depends upon the concentration 
of the solution to be titrated and upon the magnitude of the solubility 
product. The error increases with decreasing concentration of 
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the ion to be titrated. If we had used in our example 0.01 N 
solution instead of 0.1 N, the error would have been about 10 
times larger. The error decreases with decreasing value of the 
solubility product. The smaller the solubility, the sooner it is 
negligible in comparison with an excess of B+ or of A=. When 
the solubility is negligible in comparison with the slightest excess 


: E : 
of B* or A=, the maximum value of = occurs at the equivalence- 
C 


point. 

Theoretically, however, this is never the case. In general, 
if the slightly soluble substance has the composition B,A,, the 
maximum will be found on the B+ side of the equivalence-point 
when « is greater than y, and it will be found on the A~ side 
when « is less than y. In practical cases the error will usually 
be very small. 

The accuracy of the titration is satisfactory only when the 
solubility is very small in comparison with a small excess of one 
of the ions. If this is not the case, the changes in the potential, 


or in = , are very small near the equivalence-point. Therefore, 
C 


a small error in the determination of the potential may have a 
great influence upon the determination of the position of the 
maximum, and the result can not be accurate. 

3. Mathematical Formulation of the Titration Error. Cal- 
culation of the Correction for the Titration Error.s—We 
shall first consider the case in which the precipitate has the 
composition BA. The ion to be titrated, B* let us say, has 
originally the concentration c; it will be assumed that the 
volume remains unchanged during the titration. After the 
addition of an amount of A~ corresponding to a concentration y, 
there is left in the solution an amount of B+ equal to (¢ — y). 
Tf the solubility of BA is « under these conditions, we have: 


ee Valen) ea gt ek en ee 85) 


S being the solubility product of BA. We also know that 


4 The authors wish to thank Dr. A. L. Th. Moesveld, of the van’t Hoff Labora- 
tory, Utrecht, for his help in the derivation of the equations in this section. 
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the potential of the electrode changes according to the equa- 
tion: 
Es = ton — Alog(c —y+ax). . . . (186) 
A being 0.0591 at 25° C. 
Now, we wish to know when the differential quotient ~ 


will reach a maximum. Upon differentiation with respect to y 
we have: 


dE _ A (=14 x )-=- A 
dy (¢—y+x) ey 2x (¢c—y + 2x) 


According to equation (185), we have: 


5, 
(c y + x) ae x’ 
hence: 
Sse Ag Ke 
y ey 
x 
If we let i = V, we have, upon differentiation with respect to x: 
dV S 
ae ytimage ies 
This term is a maximum when: — = +1 = 0, or when 
oF SE ONAS. . hogan cee er eS) 


Hence, in case the precipitate has the composition BA, the 
maximum value of e will be found exactly at the equivalence- 


point. 

We shall now consider the case in which the composition of 
the precipitate is BoA. 

B* originally has the concentration c; after the addition of 
an amount of A= equivalent to a normality of y, there is left in 
solution an amount of B corresponding to a concentration of 
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(c — y). If the solubility of B2A under these conditions is equal 
_to 3”, we have [B+] = (c — y + 2), and [A=] = 42, and 

CaM ERR Oras Sate Oe La) tows etl SO) 


S being the solubility product of BoA. 
Moreover, we have again: 


Ep = top — Alog(c—y+x). . (186) 
Differentiation with respect to y yields: 


ce 2 Se 
dy (¢—y+ 2) 2x + (c — y+ 2) 


es ese 
2a+(¢-y+x) 
According to (189): a6 
28 
(c ey: a0 x) ia in? 
and 
: 1) es ae 
x 


Differentation with respect to x gives: 
AY = 2x +, (a 7 
dx x 


dV will reach its maximum when Z(y 2 + 20) = 0. 


ava — 28 =, A a ee ere see ECL OD) 


or when: 2 
Le ENIS Ss VTS is on PoC OL) 
At the equivalence-point we have: 
ey aa 
2 ) 


or 


x = V2-VS =1.26VS.  . (192) 


From (191) and (192) we see that the maximum value of a 
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is not reached at the equivalence-point, where x = 1.26VS, 
but at the point where the solubility is decreased 2.5 times by 
the excess of B. It is now very easy to calculate the titration 
error, i.e., the error which we make by assuming that the maxi- 


dna : Ze : 
mum value of ae coincides with the position of the equivalence- 
C 


point. From equation (191) we see that the maximum appears 
when: 


i= FV S, 
Then [A] = $VS, and we can calculate [B+] from the equation: 


[B+P-avS = §, 
and : 
[B+] = 2VS. 


Hence, at the point where the maximum appears, [B+] is equal 
to 2VS, and the excess 6 of [B+] is equal to: 


b = (Bt] —x =2VS —iVS =13VS. . . (193) 


If the volume at the equivalence-point is v, we have an 
excess 6 of B+, which is: 


uivalent. 
= inop Cautvale 
If the original concentration of B+ is equal to B equivalents, 
the titration error is: 


Db 
ERROR = —:——-100 
TITRATION ERROR = BR Ta per cent 


(5/5 
sieua Ta saat -100 per cent, . (194) 


and we have to take into consideration the fact that the maxi- 
mum occurs on the B*-side of the equivalence-point. 

Example.—Let us consider a simple illustration in which 
S = 10-!*. Let the final volume, at the equivalence-point be 
100; and [Bt] = 10-%. This case occurs when we titrate 
0.2 N silver nitrate with 0.1 molar oxalate. 
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Then we have: 7 
b= 1.575 = 1.5 < 10-4, 
and 


bh -4 
TITRATION ERROR = =:——-100 = 0. : 
B 1000 per cent = 0.15 per cent 


From the more or less rough calculation on p. 78 we found that 
the titration error under the conditions mentioned was about 
0:2 per cent. 

We learn from equation (194) that the titration error 
decreases as the value of S decreases, or as the equivalence-point 
volume decreases, or as the concentration of the ion to be titrated 
increases. 

We shall now consider the general case in which the precipi- 
tate has the composition BrAn. 


BrAn — 7Bt + mA-. 
At the equivalence-point: 


[Bt] = mob 


and 
[B wali ats ps ae SSE 


Bt originally has the concentration c; after an amount of A~ 
corresponding to a normality y has been added, there is left in 
the solution an amount of B corresponding to*a normality 
(c — y). If the solubility of B,A, corresponds to a concentra- 
tion of B-ions equal to x, then we have: 


1 
[B+] fae me a, y) +r x, 
and 
[A-] Saat; 
and 


1 (c-y) +2 ‘(x)= Sra 


The potential of the electrode changes according to the 
equation: 


Ba = @ — Alog | 3(e—3) +2]. 
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Then we have: 
x 


2 
me gle) ta + me 
n |m 
dE A A 


eo m| e—9) +e} + ne * |) 


The position of the maximum is determined by: 


= ’ 


ay 
dn 


® 


This last equation gives us an expression for the magnitude of 
the solubility at the point where ee has a maximum value. 
c 


By applying this equation, we have for the case » = 2, 
m = 1, (salt BoA): A 
. x =ivs. 


4. Titration of One Ion in the Presence of Another, When 
Both Ions May Form Insoluble Compounds with the Reagent.— 
If we have in a solution two anions, A~ and A, ~, both of which 
may form sparingly soluble salts, BA and BAj, respectively, 
then the salt BA; will be first precipitated upon the addition of 
B+, if it is the less soluble of the two salts. (Cf. p. 13f, 
Chapter I.) 
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As we have seen (p. 13), only the salt BA, will be precipitated 
as long as: 


[Ai 7] \ SBay 


oy oe a seen (31) 


When the ratio between the concentrations of the two ions 
is equal to the ratio of their solubility products, the second salt, 
BA, will begin to be precipitated, and the ratio between the 
concentrations of the two anions thereafter will remain constant. 

The precipitation and potential curves for the titration of 
Ai~ in the presence of A~ will have the same shape as if the 
former alone were present in the solution, except in the imme- 
diate neighborhood of the equivalence-point. In the absence 
of A--ion, the Ai~-ion concentration is equal to A/ Spa, at the 
equivalence-point; it then diminishes rapidly with a slight 
excess of Bt-ion. In the presence of A--ion, the A;~-ion con- 
centration decreases just before the equivalence-point to: 


[Ar] = [A-z2* 


When this concentration of A:~ is reached, a further addi- 
tion of B+-ions changes the A; ~- and A~-ion concentration very 
slightly. The jump in the potential and the maximum value of 
Ae occur too early; there is always a trace of Ai7~ left in the 

C 

solution when BA begins to be precipitated. 

The titration error is equal to: 

TITRATION ERROR = (eee) per cent. (195) 

Spa 1000 A 

y is the volume at the first equivalence-point; A is the number 
of equivalents of A~ that were originally present in the solution. 
As in all other cases, the titration error increases with increasing 
values of v and with decreasing values of A. We see also that 
the titration error increases with increasing values of [A~], and 
with increasing values of the ratio between the solubility 
products of BA; and BA. Hence, the greater the concentration 
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of the ion that forms the more soluble compound, and the smaller 
the difference between the solubility products of the two sub- 
stances, the less accurate is the titration. . 

Examples—We have 50 cc. of a mixture of 0.1 NI- and 
0.1 N Cl-, which we are titrating with 0.1 N silver nitrate. At 
the first equivalence-point, where silver chloride begins to be 
precipitated, vis equal to 100. Furthermore, we have 


0.01 


i es oa Sagi = 11Q=2, Sagcl = 10-12, 
—16 
TITRATION ERROR = 10-1 agg 100 per cent 


=a ul ae DEP Cent: 


If the iodide concentration had been 0.01 N, and that of the 
chloride 1 N, then 


TITRATION ERROR = 2 X 1073 per cent. 


If we have a mixture of 0.1 N I- and 0.1 N Br-, we use the 
solubility products of silver iodide and silver bromide in the 


calculation. 
ier = IQ", Sarar as 5 x 10-38, 


103.0 1 200 


TITRATION ERROR = 107!- eee 
Sel0S 10 


-100 per cent 


= 0.04 per cent. 


The precipitation of the silver bromide begins when the iodide 
concentration has become 2 X 10~°. 

If we had taken a mixture of 0.01 N iodide and 1 N bromide, 
then: 


10s 
a TION ERROR = 1--————-- —-- 2000-1 
ITRA R 5 x 10-13 i0 00-100 per cent 
= 4 per cent. 


In the following table is given the change in the silver-ion 
concentration, in the fag, in the potential of the silver electrode, 
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ONE ; 
and in i for a mixture of 0.01 N iodide and 0.01 N bromide. 


For the sake of simplicity it is again assumed that the volume 
remains unchanged. 


TITRATION OF 4 MrixtTuRE 0.01 N wit Respect To I~ anp To Br~ wir Agt 


Total Volume, 100 cc. Sagr=1071% Sagpr=5X107# 


Peri€entil= AE 
Precipitated [Ag] Pas Ese Ac. 
90 10-8 13 8-13 X0.059=&)—0.767 
99 Qe ay 6-12 X0.059=&)—0.708 | 
99.8 S X05 AES &)—11.3 K0.059= &)—0. 667 20 
99.9 10514 11 G&—-11 X*0.059=8)—0.649 se 
Per Cent Br7 410 
Precipitated 
0.01 5 Sure 10.3 &)—10.3 K0.059=8)—0. 608 0 
0.1 5 <i’ 10.3 &)—10.3 XK0.059=&),—0.608 
90 5 Sloe 9.3 &— 9.3 K0.059=8)—0.549 
99 5 SO 8.3 &— 8.3 X0.059=&)—0.490 52 
99.8 2) SS NO-3 7.6 E&— 7.6 K0.059=&)—0.448 170 
99.9 S Silo? Wa &— 7.3 X0.059= &—0.431 680 
100 G Slee 6.16 | &— 6.16X0.059= &—0. 363 
680 
Excess of 
Silver 
Per Cent 
0.1 10-5 5 G&—-— 5 X0.059=&—0.295 170 
On? Be SAO 4.7 &o— 4.7 X0.059=&)—0.277 52 
1.0 10>4 4 &— 4 X0.059=8)—0.236 | 


Figure 8 represents the precipitation curve. The first 
inflection corresponds to the point where practically all of the 
iodide has been precipitated; the second jump in the potential 
corresponds to the point where all of the bromide is precipitated. 
The dotted line represents the course of the curve when 0.01 N I~ 
is titrated in the absence of bromide. As may be seen from the 
graph, the first jump in potential is decreased to a marked degree 
in the presence of bromide. The second jump, where the pre- 
cipitation of the bromide is complete, is exactly the same as in 
the absence of iodide. 
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If one of the ions is univalent and the other bivalent, giving 
the insoluble compounds BA; and BzA, BA; being the less 
soluble compound, the precipitation of the second salt begins 
when: 

lea 
V Sot 
We may readily calculate the electrode potential at the first 
equivalence-point from this equation. 


a 
ce 


AgI jalone 


%|I precipitated —> |%Br!|precipitat 
20 40 60 80 100 20 40 Gv 80 100 


Fic. 8.—100 cc. of a mixture 0.01 N in both I~ and Br~ titrated with 0.01 NAgt. 


5. Neutralizations.—When we titrate a strong acid with a 
strong base we are dealing with strong electrolytes. The 
neutralization curve may then be compared with the precipita- 
tion curve in the case where the slightly soluble simple com- 
pound BA is formed. Instead of the solubility product we deal 
with the ion product of water in neutralizations. 


[H+][(OH-] = Ky. (Cf. p. 19, equation (41).) 
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At the equivalence-point py = }fu,0; at room temperature 
2p H,0 — tie 

The theoretical value of the potential of the hydrogen 
electrode at the equivalence-point in the titration of a strong 
acid with a strong base is: 


Ean = ton — 7 0.059; 


Practically, we find that the maximum is usually at a smaller 
value of py rather than at py = 7, owing to impurities, especially 
carbonic acid, which are present in the solutions. When the 
carbonic acid content is rather large, we find two jumps in the 
potential, one at py = 4 — 5, and the other at about py = 8. 

The theoretical shape of the neutralization curve may be 
pictured from the data in the following table. As usual, it is 
assumed that the volume is constant at 100 cc. 


TITRATION OF 100 cc. oF 0.01 N Hyprocuioric Acip witH SopIuM HyDROXIDE 
Kw=107-' 

Per Cent a AE 
Neutralized as Pu Em Ac 

0 1052 2 S— 2X0.059 

90 10m 3 So— 3X0.059 
99 10-4 4 S— 40.059 65 

99.9 Ome 5 &o— 50.059 

= af 5 
‘ Ae er 10 7 &— 7X0.059 1180 
UXCeSS O a 1180 

Per Cent ; 

0.1 1052 9 &— 90.059 65 

1 10520 10 &)—10X0.059 

10 1071! At &)—11X0.059 


The neutralization curve of 0.01 N hydrochloric acid is 
shown in Fig. 9. 


: hae Paella 
The change in the neutralization curve and also in we 
exactly the same just before and just after the equivalence- 


point, which occurs exactly at py = 7. This is no longer the 
case when we titrate a weak acid with a strong base, or a weak 
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base with a strong acid. In the former case the equivalence- 
point is found in alkaline solution, in the latter case in acid 
solution, because of hydrolysis. 

From the considerations given in Chapter I, § 5-§9, it is 
easy to construct the neutralization curve. From equation (64) 


2 
Eg 


50 60 70 80 90 100 110 
%Neutralized 


Fic. 9.—Neutralization curve, 0.01 N HCl with NaOH. 


we know that in the titration of a weak acid with a strong base 
the equivalence-point will be found at: 


ba = 7+ 5Patgzlogc.. » . . « (64) 
The potential of the hydrogen electrode will then be: 
Ex, = 80 — 0.059(7 + 3a + 4 logc). 


Tn the titration of a weak base with a strong acid, the py at the 
equivalence-point is: 


pu == ff cae spo = 3 log C. . . . . . . . (62) 
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and the electrode potential is: 
Ep, = &0n, — 0.059(7 — 3p, — } loge). 


In the following table are given the data for the titration of 
0.1 N acetic acid. It is again assumed that the volume of the 
solution remains constant during the titration. 


TITRATION OF 0.1 N Acetic Acip witH Sopium HyproxIDE 
Ke=18x10>> K,»,=10-4 


Per Cent AE 
Neutralized tH Pu En Ac. 
0) iL SOS 2.87 &)— 2.87X0.059 = &)—0.-170 
10 LG Slr 3.80 &— 3.800.059 = 8)—0. 224 
50 1S Sar’ 4.75 &— 4.750.059 = &)—0. 280 
90 DO SO 5.70 &o— 5.700.059 = &) —0.336 
99 ees SOS OMS E— 6.75X0.059= &) —0.398 52 
99.8 SOMO me a8 &— 7.45X0.059= &)—0.440 170 
99.9 oe ol Ome US &— 7.75 X0.059= &)—0.457 660 
100 12 35>l0me 8.87 &o— 8.87X0.059= &)—0.523 
670 
Excess of 
NaOH 
Per Cent 
0.1 10710 10 &—10 X0.059=&)—0.590 200 
OF 2 Si Ome eet Ons &—10.3 0.059 = &) —0.610 49 
1 105% 11 &—11 0.059=&)—0.649 


When the degree of hydrolysis is not negligible near the 
equivalence-point, we must use equations (65) and (66) for the 
exact calculation of py. This has been done in the two following 
examples. We assume that the volume remains constant: 
Semon .0.1.N; = Kii= 102% or 10-%, respectively. 

The maximum is found practically at the equivalence-point. 
There are indeed two maxima, one at either side of the equiv- 
alence-point and very close to it. We observe only one maxi- 
mum at the equivalence-point in those cases which give satis- 
factory practical results. As may be seen from the data and the 


: AE : ee 
curves, the magnitude of re decreases with decreasing dissocia- 
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TITRATION OF 0.1 N Acip wits Sopium HyproxipE. K,g=107-7. K,y=107~% 
Per Cent AE 
Neutralized PH. En Ac. 
0) 10-4 4 &— 4 X0.059 = &) —0. 236 
9 Ome 6 Eo— 6 X0.059 = &) —0.354 
50 10me 7 &— 7 X0.059 = &) —0. 413 
91 10m 8 &— 8 X0.059 = & —0.472 
99 10~° 9 &o— 9 X0.059 = &) —0.531 46 
99.8 DA SQ |) Oo) &)— 9.62 K0.059=&)—0.568 90 
99.9 1.64X107-19| 9.785 | &— 9.785X0.059= &)—0.577 130 
100 1Omee 10 &)—10 X<0.059= &)—0.590 
130 
Excess of 
NaOH, 
Per Cent 
0.1 6.2 X107!!| 10.215 | §)—10.215<0.059= &)—0. 603 90 
On ND SAO | NO, aS &)—10.38 K0.059=&)—0. 612 46 
1.0 1054 11 &o—11 X0.059 = & —0. 649 


TITRATION OF 0.1 N Acip witH Sopium Hyproxipr. Kyg=10~°. Ky,=1074 
| 
Per Cent i AR; 
Neutralized he Pu En, fone 
0) 10m 5 &o— 5 0.059 = &) —0.295 
9 10m5 8 Eo— 8 0.059 = &) —0.472 
50 10m? 9 &o— 9 X0.059= &) —0.531 
91 LORS 10 &o—10 X0.059 = &) —0.590 
99 1.621071! | 10.79 | &—10.79 K0.059= §)—0.6365 2 
99.7 1.16107! | 10.934 | &—10.9340.059 = &) —0.6450 13 
99.8 1.101071! | 10.954 | &—10.954X0.059 = &) —0. 6463 uW 
99.9 1.05X107!! | 10.978 | &—10.978 X0.059 = &) —0. 6477 3 
100 10-14 11 &—11 X0.059 = &) —0. 649 12 
Excess of = 
NaOH 
Per Cent 
0.1 9.5 X10~# | 11.021 | &—11.021X0.059=8)—0. 6502 12 
OR2 9 ™&10~/ 11.041 | &—11.041<0.059=&)—0. 6514 12.5 
1 Cat) Ses | lal il &)—11.21 K0.059=&—0. 662 ; 
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tion constant of the acid. A simple calculation shows us also 
that the magnitude decreases with decrease in the concentra- 
tion of the acid that is to be titrated. 

In the titration of the acid of dissociation constant 10-9 at a 
concentration of 0.1 N, there is no sharp end-point. (Cf. table 
opp.) The inflection is very small. An error of 1 millivolt in 


20 30 40 50 60 70 80 90 100 110 
% Neutralized 


Fic. 10.—Neutralization curve, 0.1 N acetic acid with sodium hydroxide. 


the determination of the electrode potential would have a great 
influence on the position of the maximum. Such a titration 
can not give accurate results. The practical limit is reached, 
when K, equals 10-8, at a concentration of 0.1 N. Acids with 
smaller dissociation constants can not be titrated accurately at 
concentrations smaller than 0.1 N. 

When the dissociation constant of the acid is very small, 
there is no inflection-point at all. In a recent paper E. D. 
Eastman? has calculated that at 1 N concentration an inflection- 


5. D. Eastman, J. Am. Chem. Soc., 47, 333 (1925). 
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point occurs if K, is greater than 10-!!; not if K, is equal to 
10-1. At a concentration of 10~® the above limit is shifted 
10? times, and an inflection-point is found if K, is greater than 
10-8. Eastman remarks: ‘‘ The failure of the inflection to 
appear seems more remarkable when it is considered that, in the 
case where c equals 1 N and K, equals 10-!”, only about 10 per 


0 10 #2 30 4 #250 60 #7 #4280 90 100 110 120 
% Neutralized 


Fic. 11.—Neutralization curves of 0.1N acids of Kg = 1077 and Kg = 1079, 


cent of the acid would remain undissociated (that is, only 
10 per cent of the salt would be hydrolyzed at the end-point).” 
According to Eastman, the inflection-point and the end-point 
are at different positions with acids of strength but little more 
than sufficient to produce an <inflection. The error may be 
0.3 per cent; the discrepancies decrease rapidly as the strength 
of the acid is increased. Therefore, in all practical cases, we 
may consider the inflection-point and the end-point as identical. 
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The neutralization curve of a weak acid with a weak base 
will be the combination of two neutralization curves, namely 
that of a weak acid and a strong base with that of a weak base 
and a strong acid. Differences appear at the equivalence-point, 
which in all practical cases lies at a pq near 7. Owing to 
hydrolysis at both sides of this point (cf. Chapter I, p. 26) 
the jump in potential at the equivalence-point will never be 


50 60 70 +%8g:0 90 100 110 
% Neutralized 


Fic. 12.—Neutralization curve, 0.1 N acetic acid with ammonia. 


very large. Ata distance of about 5 per cent from the equiv- 
alence-point the neutralization curve coincides with that of a 
weak acid and a strong base, or with that of a weak base and a 
strong acid, respectively, since the salts of weak acids and weak 
bases are strong electrolytes. 

In the following table are given the values of pu, etc., that 
are obtained in the neutralization of 0.1 N acetic acid with 
ammonia. It is assumed that the volume is constant during the 
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titration. Equations (72) and (73) (p. 27) have been used for 
the calculation of [H+] in the neighborhood of the equivalence- 
point. 


TiTRATION OF 0.1 N Acetic Actp with AMMONIA. Kg=K,=107~475 


K,=1054 
Per Cent AE 
Neutralized Lee Pu Eup Ac 
50 icy SUMO BES &—4.75 XK0.059 = &)—0. 280 
90 DO SMO || SAD &—5.70 K0.059 = &) —0.336 
98 Sn 10m a | S6r43 &)—6.43 0.059 = &) —0.379 13 
99 RD SNORE || OS &)—6.65 X0.059 = & —0.392 20 
99.6 17421054 |) 6085 &—6.85 K0.059= &)—0. 4040 02 
99.8 1.201077 | 6.923 | &—6.923X0.059 = &)—0. 4084 72 
99.9 1.121077 | 6.961 | &—6.961 0.059 = &)—0. 4106 o4 
100 i SRO &)—7 0.059 = & —0. 4130 a 
Excess of = 
Ammonia 
Per Cent 
Ont 9.14x107-* | 7.039 | &—7.039X0.059 = &) —0. 4154 2 
0.2 8.381078 | 7.077 | &—7.077X0.059= &) —0. 4176 7? 
0.4 (ROSS<1 Om meets &—7.15 X0.059=&)—0. 422 0 
1 A) DROS | SS &—7.35 X0.059= &)—0. 434 B 
2, DA SAMOS | 7S &—7.57 XK0.059=&)—0. 447 


As may be seen from the table, we do not find a sharply 
defined maximum at the equivalence-point. The stronger the 
acid and the base, the sharper is the maximum. If the acid and 
base have different strengths, the maximum is not situated 
exactly at the equivalence-point. It is of no practical signifi- 
cance, however, to calculate the error, since it is negligible in all 
instances where a pronounced inflection occurs. When the 
jump in potential is very small the titration can not be very 
accurate, because an error of 1 millivolt in the determination of 
the electrode potential will change the position of the maximum 
appreciably. The titration of 0.1 N acetic acid with ammonia 
can not be carried out with an accuracy greater than 0.2 per 
cent. 

If the dissociation constant of the acid and base are very 


NEUTRALIZATIONS 


97 


small there is no inflection at all at the equivalence-point. The 
limits are given in the following table: 


CONCENTRATION 
1N 10-1N 10-2N 10-3N 
Ko=Kp= 105° Inflection Inflection Inflection Inflection 
Ke Kp =— 105° Inflection Inflection Inflection No inflection 
Kak —10m- Inflection Inflection No inflection No inflection 
Ke sp — 108 Inflection No inflection | No inflection No inflection 
Kee = 10 No inflection | No inflection | No inflection No inflection 


The neutralization curve of a mixture of two acids, or of a 
polybasic acid, may be calculated from the data given in 
Chapter I, p. 32. If the titration of one acid is possible in the 
presence of the other, we obtain two inflection-points, the first 
after the neutralization of the stronger acid, and the second 
after the neutralization of the weaker acid. The latter case 
has already been discussed. Therefore, only the inflection at 
the first equivalence-point remains to be considered here. From 
equation (86), (p. 31), we find that at the first equivalence- 
point: 


pu ea: 2(PK, mi Px); (86) 


px, and px, being the acid exponents of the two acids, which in 
this instance have the same concentration. 

From the data given in § 10, Chapter I, it may be calculated 
that no inflection at all occurs when the first acid is no more than 
100 times stronger than the second, if both acids have the same 
concentration. If the second acid has a concentration 100 
times greater than that of the stronger acid, then the latter 
must have a dissociation constant which is at least 10,000 times 
larger than that of the weaker acid, if an inflection-point is to be 
observed. Such a titration does not yield accurate results, 
however. If the accuracy is to be at least 0.5 per cent, the first 
acid must have a dissociation constant which is at least 10,000 
times larger than that of the second, when both acids have the 
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same concentration. When the concentration of the weaker 
acid is 100 times larger than that of the stronger, then the dis- 
sociation constant of the latter must be at least 10° times larger 
than that of the weak acid if we are to obtain satisfactory results. 
The authors have already discussed, in Chapter I, the fact that 
a dibasic acid may be considered as a mixture of two acids, the 
strengths of which are given by the first and second dissociation 
constants of the acid. 

In the following table are given the ratios of Ki and Kg for 
some familiar organic acids: 


Acid Ki A Ky 
Oxalicts Ae eco ae About 1000 
Tartaricn tere etcecine About 11 
Gitriches ee oe aoe ee About 20 
WENGE. . 655 oneupoess About 500 } Can not be titrated as a monobasic acid 
IMENT Sear eae Nes Go About 50 
live NNO avaon as conto s About 20 
MialeIChe wernt ee cee About 200 


In all of the above instances, the ratio of Ki : Ke is so small 
that the acid can not be titrated as a monobasic acid. For 
carbonic acid: 


Kr 3 107! Ko 6 C10 Ker = Ks == 5000: 


Hence, carbonic acid may be titrated as a monobasic acid; 
the accuracy, however, is not greater than 1 per cent. 
In the case of phosphoric acid we have: 


Kp=lit x10-75. Ke=t,95xX10—%". Kis Ko=about a0: 
Kaa 055G1 07: K3=3.6 10-8. Keo: Ks=about 5105, 


The ratios are great enough to make it possible to titrate phos- 
phoric acid both as a monobasic and as a dibasic acid. For a 
more detailed discussion the reader is referred to I. M. Kolthoff’s 
“ The Use of Indicators,” p. 99. 

In the following table, the authors give, by way of illustra- 
tion, the data for the neutralization curve of a mixture 0.1 N 
with respect to both acetic and boric acids, in the neighborhood 
of the first equivalence-point. 


TITRATION OF A COMPLEX-FORMING ION 99 


TITRATION OF A Mrxture or 0.1 N Acetic Aci anv 0.1 N Boric Acip 
Kyi=18X<10>>5 Ko=6xX10—-% K,:K,=3x<104 


Per Cent NaOH AE 
Equivalent to {H*] Pu Ex, = 
Acetic Acid ze 
90 BSN |) Se 7) &)—5.70 0.059 = & —0.336 
95 Oey SeikOmtt |) (6,08) &)—6.03 X0.059 = &) —0.356 
98 Sth Sle | oee's} &)—6.43 X0.059 = &) —0.380 2 
99 Ke) SOre |) (Kor! &)—6.64X0.059 = &) —0.392 20 
100 10310 aie OL 99 &)—6.99 X0.059 = &) —0. 412 20 
101 ALO SeOHE eee! &—7.34X0.059 = &)—0. 432 12 
102 se) PMO || GS &—7.55X0.059 = &) —0. 444 


50 = «60 70 80 90 100 110 
% Acetic Acid Neutralized 


Fic. 13.—Neutralization curve, 0.1 N acetic acid in the presence of 0.1 N boric acid. 


All other combinations that occur in analytical neutraliza- 
tions may be reduced to the cases that have been discussed 
above. For details, especially regarding the titration of weak 
acids or bases in their salts (displacement titrations), the reader 
is referred to I. M. Kolthoff’s ‘“‘ The Use of Indicators.” 

6. Titration of a Complex-forming Ion.—(Cf. p. 33.) If 
we titrate an ion, B+, which forms a complex with A-, according 


to the equation: 
2B+ + A~& Be2At, 
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we have: 
IBYPIAT] _ 


[BoAt| K compl. + (97a) 


Now, if we are titrating a solution of B+ of concentration c, and 
have added an amount of reagent equivalent to a, then: 


[B +] ae; 
[B2A*] 


I 
ise 
Q 


In order to give a rather simple formulation, it is assumed 
that the dissociation of the complex ion into its components is 
negligible in comparison with the excess of one of the ions. 
When the titration yields accurate results, this assumption is 
permissible from a practical point of view. It is assumed that 
the volume is constant during the titration. After the addition 
of an amount of reagent equivalent to a, we have, according to 
(97a): 

[BoA*]_., a 


A>] = =-—>+K com = Se 5 corn 
[ | 5 pl. 2(c ae, a)? x pl. 


At the equivalence-point we have, according to equation (97a): 
ben oe 
[A-] = 4 GK como . . ° . 6 (98a) 


[Bue pV OCR ti cn ae oca) 


After the addition of an excess of A~ equivalent to a concentra- 
tion b, we have: 


[B2A*] = 3¢, 


[B +] = NE ee 


With the aid of these equations, we may calculate the 
complex-formation curve for the simplest reactions: 
2B* = A= BoA 
or 
Bee ZAe DAs 
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When more ions react with each other to form a complex 
ion, the equations are of higher orders: 


ABE Sey AC =e BAY corm (Bag, 


peers Ea AN : 
Fl = K’ comp. 


[B.A *] — 


When [B+] is known we may calculate [A-]; and conversely, 
when [A-] is known we may calculate [B+], provided the con- 
centration of the complex ion [B,A,’ *] or [B.A,’~ ] is given. 

In most practical instances, we encounter the complication 
that the neutral part, BA, is a slightly soluble substance. At 
the point where the precipitation begins, we can no longer apply 
the simple equations given above, but must also take into account 
the solubility product, Sp,. We obtain a new set of equations 
upon introducing Spa. Another complication which we fre- 
quently meet is that not merely one complex ion is formed but 
often two or more: 


Hgt++ + 3CN- = Hg(CN)s-, 
Hg++ + 4CN- 2 He(CN)s-. 


In order to calculate the simple ion concentrations, we must 
employ equations in which the various complex constants occur. 
The final equation is no longer of a simple form. 

It lies beyond the scope of this practical book to give a set 
of equations for the calculation of the simple ion concentrations 
in each particular instance. With the aid of the foregoing dis- 
cussion, however, one should be able to calculate changes in the 
simple ion concentrations in any instance for which the various 
constants are known. On the other hand, it is possible to derive 
the complex constant, or the various complex constants of the 
system, from the practically determined data of the complex- 
formation curve. 

Example.—In order to demonstrate this mode of calculation 
and its difficulties, we may take as an example the rather simple 
case of the titration of cyanide ion with silver, which is of great 
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practical importance. The reaction is represented by the 
equation: ° 
2CN- + Ag = Ag(CN)e2-, 

and 

LAgTILCN 

[Ag(CN)27] 
The difficulty which we meet here is that the silver salt of 
the complex ion, Ag[Ag(CN)s2], (usually called silver cyanide 
although in reality it is silver argenticyanide) is slightly soluble. 
Hence, we must take into consideration the equation: 7 


[Agt][Ag(CN)2-] = Sagtagcom) = 4 X 10-1. 
When we are titrating a cyanide solution with silver nitrate, 


the complex ion alone will be formed until the silver-ion con- 
centration reaches the value: 


[Ag*] = 


Koa = 10 ete. 


S) 

[Ag(CN)27] 
At this point the precipitation of the silver-silver cyanide begins, 
and a further addition of silver ion does not change the concen- 
tration very much, since the concentration of the complex ion 
is changed but slightly by the precipitation of its silver salt. 

We shall assume an original concentration of 0.1 N for the 
cyanide solution, and a constant volume during the titration. 
The concentration of the complex ion will be 5 X 10-? at the 
equivalence-point. According to equation (98a), [Ag+] will 
then be: 


[Ag*] = eRe = 3.0 x 1G Pag = 7 Ss 


It follows, from the solubility product of the silver-silver cyanide, 
that its precipitation will begin when: 

S 4x 10-22 
Cs POD Ll 

6 Cf. Euler, Ber. 36, 2878 (1903); Bodlander and Eberlein, Z. anorg. Chem., 
39, 208 (1904). 

7 According to Bodlinder and Lucus, Z. anorg. Chem., 41, 192 (1904), the 
silver-ion concentration in a saturated silver cyanide solution is 2.210~® (25°); 
Bottger, Z. physik. Chem., 56, 93 (1906) found a value of 1.61078, by conduc- 
tivity measurement. 


[Agt] = 


=8>X 107". pa, = 10.1. 
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When the silver-ion concentration has reached this point, a 
further small addition of silver salt does not change the con- 
centration of the complex ion and of [Ag*] to an appreciable 
extent. 

From the above we see that the precipitation of the silver- 
silver cyanide begins before the equivalence-point is reached. 
The jump in the potential also occurs before that point. As 
we shall see from the data in the table below, the titration error 


TITRATION OF 0.1 N CYANIDE SOLUTION WITH SILVER NITRATE 
K’compi. = 10721. SagagiONn)g=4X 107? 


Per Cent l | 
Silver ae : | al 
Equivalent [Ag] Pas Eng Ac 
to Cyanide | 
10 G24 SRO Bil 2 &)—21.22 0.059 = &)—1.252 
50 1-29, AY &—20 X0.059=&)—1.180 
80 OE? |) &—-19 X0.059=8)—1.121 
90 ALS SY) |] ihe nods) 6) —18.35 0.059 = &)—1.083 
95 LO SOs |p ile 7? &)—17.72X0.059= &) —1.046 
98 152 <0 ml 16,91 &)—16.91 K0.059 = &) —0.998 36 
99 4.95X10717| 16.31 &)—16.31 0.059 = &) —0.962 90 
99.7 esr SKUOHS |) AIA &)—15.26X0.059 = &) —0.900 210 
99.8 1525 <A1Omes? ss 14590 &)—14.90X0.059 = &) —0.879 350 
99.9 B) SCOR |) eho) &)—14.300.059 = &) —0.844 2480 
100 CLO ma OR &—10.1 K0.059= &)—0.596 0 
Excess of 
Silver 
Per Cent 
0.1 3 SCUOR EN ah &)—10.1 K0.059=&)—0.596 0 
On2 8. IOS) aoa &—10.1 K0.059= &)—0.596 0 
LG 8 SIO hal &—10.1 K0.059=&)—0.596 


is so small that we may neglect it from a practical standpoint. 
The data in the table have been derived in the following way: 
We start with a 0.1 N cyanide solution, and assume that the 
volume does not change during the titration. The silver-ion 
concentration is calculated by means of the equation: 


Age) as] 
_ [Ag ]= ~(CN=? 


SLO imiane 
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When 10 per cent of the cyanide has been titrated its con- 
centration has become 9 X 10~-2N, whereas the concentration 
of the complex ion [Ag(CN)2~] is equal to 5 X 10-°. Hence: 


Sales 


ee 02 = 6 8 ee = 21.22. 
(9 x 102)2 x Pag 


[Ag*] 


is theoretical curve 


is practical curve 


10 20 30 40 50 60 70 80 90 100 38110 
% Ag equivalent to CN 


Fic. 14.—Complex-formation curve, 0.1 N cyanide and Ag*. 


All of the other values of [Ag+], up to the equivalence-point, 
have been calculated in this way. 

We see that after 99.9 per cent of the equivalent amount of 
silver has been added, the silver-ion concentration is 5 X 10715. 
At this concentration the silver salt will not be precipitated, 
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since [Ag+] must be in this instance at least 8 X 10-1! before the 
precipitation begins. (See above.) Hence, the silver-ion con- 
centration rises from 5 X 10-! to 8 X 10~!! during the addition 
of the last 0.1 per cent before the equivalence-point. It is 
practically unchanged by a small excess of the silver salt. 

The curve found by E. Miiller and H. Lauterbach,’ which is 
represented by the dotted curve in Fig. 14, is in good agreement 
with the theoretical curve. For the sake of clearness, the abscissas 
of the dotted curve have been shifted 2 cc. to the left in Fig. 14. 


8 E. Miiller and H. Lauterbach, Z. anorg. Chem., 121, 178 (1922). 


CHAPTER V 


THE RELATION BETWEEN THE CHANGE IN THE RATIO 
OXIDANT: REDUCTANT AND THE ELECTRODE 
POTENTIAL IN OXIDATION-REDUCTION REAC- 
TIONS 


1. Equivalence - potential in Oxidation-reduction Reac- 
tions.'—In Chapter III, p. 50, the authors discussed the equilib- 
rium conditions in the reaction: 


Ox; + Rede @ Red; + Oxz. 4 ise es (131) 


Ox; is the oxidant which we are titrating with the reductant 
Redz. At the equivalence-point: 


[Ox:] ay [Redo] 
[Redi]  [Oxe] ° 


We also have: 
E = eo, + 0.0591 log Mest &, + 0.0591 log 
; [Red;| : 


[Oxo] 


Rea (139) 


in which go, is the normal potential of the system Ox; @ Redi, 
and &o, that of the system Ox2 @ Redz. 

We may calculate the equivalence-potential, Eg, from the 
last two equations: 


Bp = “45 MR es 615) 


When we are dealing with a reaction of the type: 
Ox, -f- y) Rede gaz Red, -f- 2 Oxo. é ° A (136) 
it follows from equations (137) to (140) that: 


Ex hash 2£0, z 10, 


1Cf. I. M. Kolthoff, Chem. Weekblad., 16, 408 (1919). 
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(197) 
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We shall now consider the general equation: 
aOx; + bRedz = aRedi + bOxz, 


whose partial-reaction potentials are: 


Px 0.059 ( [Ox;] 2 
ee oe oe Rent 
and 
7 0.059 [Ox2] }? 
E = &0, + ore log | [Reds] | : 


Moreover, we know that at the equivalence-point: 
[Oxi] _ [Reds] 


{Red,| x [Oxe] i 


Then we have: 


0.059a, _ [Ox;] 0.0595, _ [Redo] 
b= —-— ] = £0, — : 
Bote =e [Red,| me x ne [Oxe| 
Or at the equivalence-point: 
0. 059ab [Ox:] 
ip ] 
b beo, + rs og [Red)] 
0.059ab [Ox] 
= ] 
aE = ag, + - og [Redj] 
ak + bE = be, + aé0, 
Teer rete O85, (198) 


a+b 
Examples.—Reaction: 


Fett++ + Cut @ Fett + Cutt. 


a=1; = 1. 
£0re > Ren = 0.714; 80cu > Gin = (0), 116). 
eee a 5 Iles — 0.4907. 
Reaction: 
2Fet++ + Sntt+ eS 2Fett 4+ Sntttt, 
a= 2) b= 1, 


ora” _; rat = 0.714; Eosn'¥_, sxt = 0. 138. 
Frit ee 138 


= 0.330, 
3 


Ey 
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Reaction: 
MnO,~ + 8H+ + 5Fe++ @ Mn++ + 5Fet+++ + 4H20. 
OB PAGE ier 
At(H?|-= 1, 
fomno,—> mn? = 1.52; sop, vt = 0.714. 
(ae 9.4 -i+ 0.714 = 386° 


2. Change of the Electrode Potential during the Titration 
of an Oxidant or Reductant. Oxidation-reduction Curve.— 
As we have seen from the equation which gives the relations, 
the electrode potential of an oxidation-reduction system is 
dependent only upon the ratio between the concentrations 
of oxidant and reductant, and not upon their total con- 
centrations. Therefore, the change in potential during the 
titration of an oxidant or reductant is independent of the total con- 
centration of the substance to be titrated. In the mathematical 


discussion of the position of the maximum value of cs however, 
C 


we have to take the total concentrations into consideration, at 
least in the vicinity of the equivalence-point. We shall first 
consider the change of the potential in a simple case where an 
oxidant is titrated according to the equation: 


Ox; + Reds = Red; + Oxo. 
After the reduction of 9 per cent of the oxidant we have: 


[Ox] 
[Red;| 


After the reduction of half of the oxidant we have: 


[Ox:] = [Red,], 


E = so + 0.059 log = & + 0.059 log 4 = s& + 0.059. 


and hence: 
1S, = &o0. 
In this way all of the values of E may be calculated. In the 
neighborhood of the equivalence-point we also apply the simple 
equation; we neglect the amounts of Ox: and Rede that are due 
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to the incompleteness of the reaction. If this is not permissible, 
as in cases where the equilibrium constant is rather large, we 
may calculate the corrections with the aid of equation (162). 
(See p. 60; cf. also § 3 of this Chapter, where the mathematical 
formulation is given.) 

At the equivalence-point, as we have seen: 


Fe OT EP er re hot SOR for, 
2 
The break in the potential is dependent upon the normal 
potentials of the two oxidation-reduction systems that are 
involved. When an excess of the reductant with which we 
titrate has been added, the potential may be most readily cal- 
culated from the equation: 
[Oxs] 
[Rede] 


In the following table is given a summary of the above 
considerations. 


E = £0, + 0.059 log 


TITRATION OF AN OXIDANT. Ox;+Rede @ Red;+Ox2 


[Ox] 


Per Cent Ox, Reduced Ratio (Red,] E 
9 10 €o,+1 X0.059 
50 1 &o, 
91 0.1 ,—-1 X<0.059 
99 0.01 &,—-2 0.059 
99.8 0.002 &o,—2.7X0.059 
99.9 0.001 &,—-3 X0.059 
G0_— Go, &0,+ 809 
100 199 059 2 
Excess of Red: mane [Ox] 
Per Cent [Redg] 
0.1 1000 fo,+3 0.059 
0.2 500 &o,-+2.7X0.059 
1 100 So+2 X0.059 


It is evident that the jump in potential depends only upon 
the equilibrium constant of the reaction and not upon the con- 
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centration of the solution to be titrated or of the titrating agent. 
In very dilute solutions, or in cases where K is moderately large, 
the actual concentrations also play a part in the vicinity of the 
equivalence-point. In the following table, the titration of a 
ferric iron solution with one containing cuprous copper is given 
as an illustration. 


TITRATION OF FERRIC IRON wiTH CupROUS COPPER. 6&,=0.714. &,=0.18 


Peri@ent 
Ferric Iron [Fen E AE 
Reduced [Fe] Ac 
9 10 0.714+ 0.059=0.773 
50 1 0.714 =0.714 
91 0.1 0.714— 0.059=0.655 
99 0.01 0.714-—2 x0.059=0.596 46 
99.8 0.002 0.714—2.7 0.059=0.555 180 
99.9 0.001 0.714—3 0.059 =0.537 
100 0.00003 0.714—4.520.059=0. 447 ee 
Excess of Cu! [Cu*] 
Per Cent [Casa 
0.1 1000 0.18 +3 *0.059=0.357 130 
On2 500 0.18 +2.7 <X0.059=0.339 46 
1 100 0.18 +2 x0.059=0.298 


7 SES ane 
ERB Sie Boe 
[nN 
10 120 


10 20 80 40 50 60 70 80 90 100 1 
% Oxidized EP, 


Fic. 15.—Titration of ferric iron with cuprous copper. 
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The maximum break in the potential occurs just at the 
equivalence-point. The — c curve is symmetrical on both 
C 


sides of this point. This is no longer the case when the oxidant 
and the reductant with which we titrate react with different 
numbers of electrons, e.g.: 


20x; + Rede @ 2Redi + Oxo. 


The change in potential during the titration of the oxidant is 
the same as that which 
we have calculated 
for the preceding. 
table, before the 
equivalence-point is 
reached. 

At the equiva- 
lence-point: 


Ex = “oF (197) 


When we have 
an excess of 0.1 per 
cent of reductant, 
expressing the ratio 
in equivalents, we 
have: 


[Oxe] _ 1000, and Mic onatsa ae 


[Reds] Frc, 16.—Titration of Fe+++ with Sntt, 


E = &0, + 25 log 1000 = eo, + 1.5 X 0.059. 


In the same way we find, with 1 per cent of reductant: 


0.059 


E = 0, + log 100 = &, + 0.059. 
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In the following table are given the calculated values for the 
titration curve of ferric iron with stannous tin. 


TITRATION OF FERRIC IRON WITH STANNOUS TIN 


2Fe+++4Snt+ = 2Fet++Sn++++ 


0.059. [Fet++]? 
2Fett+++42e 2 Fet*. E=0.714-+4+-5— log = 


[Fe++]2 
Sntt+t++42e 2 Sntt. Weel isa log plead 
2 [Sntt] 
Per Cent [Fett] AE 
Ferric Iron | [Fet+] E —— 
Reduced Ac 
50 1 0.714 =(On714 
91 0.1 0.714-1 X0.059=0.655 
99 0.01 0.714—2 X0.059=0.596 46 
99.8 0.002 0 714—2.7 K0.059=0.555 180 
99.9 0.001 0.714-3 X0.059=0.537 2070 
100 3.2X1077 | 0.714-—6.5 XK0.059=0.330 1030 
Excess of [Snt+++] 
Stannous Jon eer ee 
Per Cent [Sn*] 
Ont 1000 0.138+1.5 0.059=0.2265 90 
On 500 0.138+1.35X0.059=0.2175 23 
1 100 . 0.138+1 X0.059=0.197 


When we have more complicated systems, as for instance, 
when we are using permanganate, dichromate, or iodate, as 
oxidants in acid solution, we may apply the more complicated 
equations which were derived in Chapter III (pp. 64 and 65). 
As an example we may consider the titration curve of ferrous 
iron with permanganate in a solution whose hydrogen-ion con- 
centration is 1 N at the equivalence-point. Before the equiv- 
alence-point is reached we have the ferrous-ferric potential. 


When 99 per cent of the iron is oxidized: 
[Fet+++] 

eee 100 

|[Fet+] : 


and 
E = 0p¢_y pot + 0.059 log 100 = & + 2 X 0.059. 
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At the equivalence-point we have: 


_ 58, + 280, _ S£0mno, + f0re 
Eg = SoG a ae 2°71 07) een (LOS) 


With an excess of 0.1 per cent permanganate, the ratio 


[MnO,~] : [Mn++] = 0.001, 


and 
eek 0.059 [MnO,47] 
E = &mno, + B log iene] 
51.0 059 
= 8000, — = ((H4] = 1). 


The values in the following table were calculated in this way. 


TITRATION OF FERROUS IRON WITH PERMANGANATE. [H*]=1 


Mn0O,-+8H+t+5Fe** @ Mnt+t+-+5Fe+*+*+4H.0 


0. Fet++5 
5SFet++--Se = 5Fett. REO ik toe vo 
. [Fet +] 


0.059 (MnO,47] 


a fs 7 ae 
Mn0O.-+8H*+5e @ Mntt+4H,0. E=1.52+ 5 log [Mn**] 
Per Cent Fel” AE 
Ferrous Iron Feo E Ce 
Oxidized i 3 
91 10 0.714+ 1 X0.059=0.773 
99 100 0.714+ 2 X0.059=0.832 46 
99.8 500 0.714+ 2.7X0.059=0.873 180 
99.9 1000 0.714+ 3 X0.059=0.891 4950 
100 4x10-¥ 0.714+11.4xX0.059=1.386 990 
Excess of ; [MnO,7] 
ermanganate 
Per Cent [Mn**] 
3 
0.1 0.001 152 -; 0.059 =1.485 30 
eal 
0.2 0.002 1 52Z, Sitee x0.059=1.488 
10 


2 
ul 0.01 TR 52 se X0.059=1.496 
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The curve that corresponds to the data of the foregoing 
table is given in Fig. 17. The dotted curve corresponds to the 


values that were found by experiment. 


theoretical curve 


practical 


50 60 70 980 90 100 110 


Fic. 17.—Titration of ferrous iron with 
permanganate. 


It has been shifted two 


abscissa units to the 
right in the figure. 
The agreement be- 
tween the two curves 
is very good. 

In Fig. 18 are 
given curves corre- 
AB 
Ac 
plots for the three 
cases discussed above. 
These curves illus- 


sponding to the c 


_ trate fully the differ- 


ences in the nature 
of the change in Be 
Ac 


values in these three 
instances. 

3. Titration of a 
Mixture of Different 
Oxidants or Reduct- 
ants.—This case may 
be reduced to the 
general one which 
was discussed in the 
preceding paragraph. 
In order to decide 
whether we can ti- 
trate one reductant 
in the presence of 


another, we have to consider the problem of the titration of the 
stronger reductant with the oxidized form of the other reduc- 
tant. If we have, for example, a mixture of cuprous and ferrous 
ions, the cuprous ion is the stronger reductant. In the titra- 
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tion with a strong oxidant, e.g., permanganate, the cuprous ion 
is oxidized first. At the first equivalence-point, when practi- 
cally all of the copper is oxidized, we have the equilibrium: 


Cut -- Fert Cut + Fet+, 


in which the various reactants have the same concentration 


ratios as at the equiva- 2 
: : AE 
lence-point of the titra- fa 
tion of cuprous ion with = 
: ead 
ferric. = Fe ee cat Pek] 
Therefore, the mag- Ee Fe? set bn 
|_|: eth + Aor ae 
i Sa ae 


nitude of the break in 
potential, i.e., the sharp- 
ness of the titration, is 
dependent only upon 
the difference between 
the normal potentials of 
the components that 
are present in the solu- 
tion. The potential at 
the first equivalence- 
point may be calculated 
according to the equa- 
tion derived in §1 of 
this Chapter. 

4. Mathematical 
Formulation of the Vari- 


ation in ae .—We shall 
Ac 

start again with the 

simple reaction: 


Ox;+Rede@Redi+ Oxe. 


AE ; 
Fic. 18.—Maxima of FoR es c curves at equiva- 
G 


* lence-points of oxidation-reduction titrations. 
This can be made clearer 


by means of a practical example, as: 
Pelee CU Pex Cutt, 


The original concentration of the cuprous ion is equal toc. We 
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now add an amount of ferric solution equivalent to a concentra- 
tion y. If the concentration of cuprous ion is then equal to x, 
an amount (c — x) of Cut has been transformed into cupric 
ion; hence: 

[Cutt] = ¢ — 4; 
also 

[Fet+] =c— x. 
From this we have: 

eC) 


The application of the law of mass action gives: 


(y—c+x)x ie 
Gok 32 K. 


The potential of the electrode during the titration is: 


MW = Bae ae 
E = Ging esi. = A log C een 


(Here A is 0.0591 at 25° C., cf. p. 80.) 
By differentiation we obtain: 


Cie x(c — x) ° 
dy oly — ¢) + aly +e)’ 
dE Ac 


dy cy—o)+ay+o 


At the point where 5 is a maximum, we have: 


d 
re Came? + x(y + ¢)} =0, 
or 


d dx 
a One OOO aoe 


ftv - J $x +0} = +H 1-9 +449} 


— xy +c)(c — x) = 0. 
— 2x?2(y +c). 


c(y — c)(c + x) 
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From the last equation we see that the maximum value of 


as is not exactly at the equivalence-point. At this point y is 


equal to c, and the left-hand member of the equation becomes 
zero, whereas the right-hand member has a finite value. Hence 
the theoretical maximum occurs before the equivalence-point. 
In cases where the titration is practicable, ij.e., when K is suffi- 
ciently large, the difference is so small that it can hardly be esti- 
mated. 

4x%¢ 
ele + x) + 2x?’ 
c — y is positive. 


es 


At the equivalence-point, y = c. 


x2 
Ge 
ee eh SS 
OTe 
and 
dE Ac A _A1+VK 


dy cy—c)+alyto) 2% 2 VK 
By approximation it is possible to find a value of x that is 
very close to the value at the maximum. 
We found above: 
Ax¢ 


See 


2 
which is approximately equal to 2 


Then we have: 


(y —c-+x)x = K(c — x)? = Ke?, 


ll 


or 
w= cVK, 

At this point, it is necessary to lay stress on the fact that this 
value of x differs but slightly from that of x at the equivalence- 
point. Their ratio is only 1+ V K; our approximations, 
however, are only of the same order. We may calculate the 


exact values of y and S at « = cVK in order to control the 
y 
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correctness of the equations, and to see whether ak is larger 


dy 
than at the equivalence-point. 
At « = cVK, we have: 
y = c(1 — 2K + KVR). 
Then we have: 
dE _ Ac 
dy ~ ¢(— 2Ke + KeVK) + cVK {c(2 — 2VK) + cKV KK} 
egies Spe oaks Nes erro 
VK 2+K+KVK —4VK 
A 1 


ee erasure oS 


This value is larger than - at the equivalence-point when it is 


equal to: 


A 
= oF pe 1 VK . 
BG us ) 


The difference is actually so small that it will not be observed. 

In order to get an idea of how « changes with y, we may 
introduce as x-concentration a factor which expresses how much 
larger or smaller the concentration is than at the equivalence- 
point. The equivalence-concentration is given by: 


x2 


. x = We 

(c—x)?2 ~° ¢—% VK, 
ec 
reir 


If we now let x = ax, we have: 


(y - e+ avi | aves 
1 ee Ke 


(« m acW K i 
Reena 
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or 
a (KtK?+2KVK+a(VK+K—2K VK — 2K?) +0?(K?—K) 


2 oV/KG EVE) 


Now, if a is larger than 1 (ie., if the equivalence-point has 
not been reached) we have as a rough approximation (when K 
is smaller than 10-!°): 

re ov Re K) gs = c(1 — aVK), 
aVK(1 + VK) 
and when « < 1, 


y= (1 + v8), 


From the above we have, when K < 107!9: 


4 == x; ) 0 

x= 102, y = c(1 — 10-4) 
“= 100%, y = c(1 — 10-3) 
Ki 10 .1¢ y = c(1 + 10-4) 
Loe O17, y = c(1 + 10-3) 


From the foregoing it is evident that even in the simple case in 
which we are dealing with the reaction: 


Oxi + Redz @ Red: + Oxz, 


we get equations which are impracticable and difficult te solve. 
The situation is much more complicated when we attempt 
to discuss the general equation: 


a Ox; + 6 Redz @ a Red: + 3 Oxo. 
If we consider the reaction: 
MnO,— + 8H+ + 5Fe*+t+ = Mn*+ + 5Fet++ + 4H20, 


we have: 
[MnO,-|[Fet+]> 


finmereee (At [H+] = 1). 
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If the original concentration of ferrous iron is c, and if we 
add an amount of permanganate equivalent to y, we may derive 


the relation: 
dE 5Ac 


dy  Scly—c) + x(5¢ +)’ 


and the maximum is found when: 


ft sey — 0) + x2(5¢ + y)} =0. 


dy 
Ohm 
Ae Ee Ger(4c-- 2x) | 12ea Oe + x) 
y 25c2 + 9cx + 2x? 25c? + 9cx + 2x?" 


At the equivalence-point, y = c; therefore we see that the max- 
imum is again located just before the equivalence-point, where 
c — y is positive. 

The mathematical equations will not be discussed in detail, 
as they are not practicable. In special instances it is better to 
calculate values of « that correspond to those of ¢ and y, by 
means of the value of the equilibrium constant, and to plot 


; , A 
these values in a curve, from which the maximum value of = 
y 


may be derived. 


CHAPTER VI 


GENERAL CONDITIONS FOR THE PERFORMANCE OF 
POTENTIOMETRIC TITRATIONS 


1. General Conditions which Apply to All Titrations.— 
Chemical reactions must fulfill the following conditions if they 
are to be considered satisfactory to serve as the foundations 
of titration methods: 

First: The reaction must proceed in only one manner, i.e., 
other reactions than the one indicated by the equation must 
not occur. These other (“side ’’) reactions are often found in 
the case of organic substances. A well-known example in the 
inorganic field is the oxidation of hydrazine, which may yield 
various oxidation products. ‘Titrations of this kind only yield 
good results if we find the conditions under which the reaction 
proceeds entirely according to some special equation. 

If the reaction scheme is not a simple one, and if several 
reaction products are formed, as is the case, for example, in the 
oxidation of sugars with alkaline copper solution, the method 
may no longer be classed as one of the refined titrations of volu- 
metric analysis. Empirical tables must be used in place of 
stoichiometrical equations, and it is always doubtful to what 
extent foreign substances will affect the result. 

Second: The reaction must be a stoichiometric one. When 
multivalent ions unite to form a precipitate, it often happens 
that the precipitate is not of uniform composition, but consists 
of a mixture of salts of different compositions. This is especially 
true with ferrocyanide as a reagent for heavy metals. We shall 
find that the precipitate contains the alkali metal, in a variable 
ratio to the amount of the heavy metal. (Cf. Part II, p. 270.) 

It often happens, moreover, that simple precipitates are not 
entirely pure, but include an excess of one of the constituent 
ions, thus causing an error in the determination. In analytical 
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chemistry this error is usually attributed to “ adsorption.” The 
authors wish to remark that the word ‘ adsorption,” when so 
used, is a generic term for a number of phenomena, as, for exam- 
ple: mechanical inclusion; chemical adsorption (silver halides) ; 
physical adsorption; mix-crystal formation, etc. In a systematic 
study of the errors of titrations, it is necessary to make a special 
study in each case, in order to determine the cause of the error. 

Third: The velocity with which the state of equilibrium is 
reached must be sufficiently great. When the reaction velocity 
is very small the reaction can not be the basis of a practical 
titration. In many oxidation-reduction reactions, heating the 
solution has a favorable effect (undoubtedly because the opposed 
reaction velocities are increased, thus hastening the attainment 
of equilibrium); the addition of catalysts may also have a 
favorable influence. In some instances the addition of an 
excess of reagent, and back-titration of the excess will yield 
good results. 

Fourth: The reaction must proceed as completely as possible 
in one direction, i.e., the equilibrium constant must be very 
small. In Chapters I to V this question was discussed in 
extenso. In instances where a slightly soluble substance is 
formed, the solubility of which is too large for a direct titration, 
the addition of an excess of the precipitating ion, followed by 
filtration, and back-titration with a suitable reagent, will yield 
satisfactory results. Many organic anions may be determined 
in this manner. With the aid of the equations given in Chapter 
I, we may determine the solubility in the presence of excess of 
one of the ions, and hence we may calculate the error that is due 
to solubility. 

Fifth: We must have an indicator for the detection of the 
position of the equivalence-point. In potentiometric titrations 
we do not add a foreign substance as indicator, since the change 
in the electrode potential (indicator electrode) tells us when an 
equivalent amount of reagent has been added (cf. Chapters IV 
and V). 

2. Special Considerations for the Performance of Potentio- 
metric Titrations.—In the preceding paragraph, the term 
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indicator electrode has been used to designate the electrode 
whose change in potential is measured during the titration. 
This is the term used by Erich Miiller. Now, if we are dealing 
with direct combinations of ions, in which one or more cations, 
B, react with an anion, A, the concentration of the B-ions, as 
well as that of the A-ions, is changing rapidly in the neighborhood 
of the equivalence-point, as we have seen in the preceding section. 
In general, it is immaterial in these cases whether we use an 
electrode that changes as the B-ion concentration changes, or 
one that responds to changes of A-ion concentration. 
Let us consider, for example, the reaction: 


Agt + I- = Agl. 


We may use an iodine electrode as indicator, as well as one of 
metallic silver. An iodine electrode may be prepared by bring- 
ing a bright platinum wire or foil into contact with a little iodine. 

The potential of the silver electrode changes according to the 


relation: 
Ag = Agt + €5 Eng — E0ag — 0.059 pag. 


The potential of the iodine electrode, according to: 


0.059 
oo ae E01, + a 2px — E01, + 0.059/;- 


Ig +2ee2I-; E; 
(The solution must be saturated with iodine). 


We may write JE Gagne af [I-], where Sagr is a constant, 


[Ag*] 
(solubility preduct of silver iodide). Hence the potential of 
the iodine electrode is: 


Ex, = &' — 0.059pa,. 


2 


The potential of the iodine electrode, therefore, changes in 
exactly the same way with changing silver-ion concentration 
as the silver electrode. In fact, I. M. Kolthoff! has shown 


1T, M. Kolthoff, Rec. trav. chim., 41, 174 (1922). 
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that the iodine electrode may be used for the measure- 
ment of the concentrations of ions of metals that form slightly 
soluble iodides (silver, mercury; cf. p.196). In the case of the 
titration of silver with iodide, we get the same jump in potential 
with either a silver or an iodine electrode. 

It is not always immaterial whether we use an electrode of 
B or A, however. As an illustration, let us consider the reaction: 


4Agt + Feoc = AgsFeoe ?. 


The potential of the silver electrode changes according to the 
equation: 
Fag — 0 Ag) a 0.059 pag. 


We obtain a ferrocyanide electrode by making an oxidation- 
reduction electrode with the addition of a little ferricyanide: 
Sip eae Lee 
[Feoc| 
If we keep the [Feic] constant, we may write for the electrode 


potential: 
do reoe = 60. a OS0S9 Picce; 


where Preoe is the ferrocyanide exponent. 


Sagureoe 


PAS ale 


In this case we may write in place of [Feoc], and we 


have: 
linear = 0 —-4x 0.059 pag. 


From this we see that the ferrocyanide electrode changes its 
potential four times as much as the silver electrode for a given 
change in silver-ion concentration. If there were no complica- 
tions, the jump in potential would be four times as great with the 
ferrocyanide electrode as with the silver. 

In neutralization reactions the indicator electrode for hydro- 
gen ions is, at the same time, an indicator for hydroxyl ions, 


In agreement with Erich Miiller, the authors will use the abbreviation Feoc 
for Fe(CN)«=, and Fic for ferricyanide ion. 
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because the equilibrium between the two ions is governed by the 


relation: 
[H+][OH-] = Kw. ‘ 


Hence an electrode that indicates hydrogen ions changes its 
potential in the same way as one that indicates hydroxy] ions. 

Each partial reaction in an oxidation-reduction titration is 
an oxidation-reduction system; we are restricted to the use of 
an unattackable metal—usually bright platinum—for both 
systems. 

3. Irreversibility of One of the Partial Reactions.—As we 
have seen in the preceding paragraph, from a theoretical stand- 
point we may use a special indicator electrode for each partial 
reaction. Practically, however, we are restricted in our choice 
both of anion and cation electrode. When we titrate cations that 
stand above hydrogen in the electromotive force series, the cor- 
responding metal electrode is usually irreversible, owing to evolu- 
tion of hydrogen, polarization, oxidation, or passivation. The 
irreversibility is especially noticeable when the corresponding 
ion concentrations become very small. A zinc or cadmium elec- 
trode, for example, may be used for the measurement of higher 
concentrations of zinc or cadmium ion; these electrodes are 
impracticable for potentiometric titrations, however, since they 
become oxygen electrodes at small ion concentrations, and the 
jump in potential is in a direction opposite to that which we 
should expect.? 

Dutoit has suggested an improvement upon the use of the 
metallic electrodes. He uses an auxiliary platinum anode and, 
as cathode, a bright platinum foil which is polarized cathodically 
during the titration, so that a fresh metal surface is continually 
formed. This method will be discussed later (p. 152). 

A lead electrode does not give reproducible values at very 
small lead-ion concentrations. Therefore, if we wish to titrate 
lead with ferrocyanide, we can not use a lead electrode, but must 
employ a ferrocyanide electrode. The latter may be prepared 


3Cf., for example, Hedrich, Dissertation, Dresden (1919); Erich Miiller, 
Die Elektrometrische Massanalyse, 2d Ed. (1923), p. 44. 
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as described in §2, by adding a little ferricyanide to the solution, 
and taking bright platinum as the electrode material. Its poten- 
tial is governed by the equation: 


[Feic] 


E = & + 0.059 log cod 


In the titration of lead with ferrocyanide, we have the 
reaction: 
2Pb++ + Feoc= & Pb2Feoc, 
and 


= "hae Spp,Feoe 
[Feoc = | — [Pb++]2" 


Upon introducing this value, and taking [Feic] as a constant, we 


have: 
reso = £0" = 0059 x 2prp- 


Therefore, the ferrocyanide electrode responds to the concen- 
tration of lead ions. This is of great practical importance. If 
we have a mixture of ferricyanide and lead ferrocyanide in 
contact with platinum, the system behaves both as a lead and 
as a ferrocyanide electrode. 

Let us consider the case of the titration of a lead salt with 
sulphate, or the reverse. There is no satisfactory electrode 
for sulphate ions, nor can we use the lead electrode. The 
ferricyanide-lead ferrocyanide electrode is useful in this 
instance, because it changes its potential with the variations 
of the lead-ion concentration. As far as the authors are aware, 
this principle has never been used for the determination of 
sulphate.* 

The authors desire to suggest that electrodes of the type 
discussed above open a wide field of application in potentiometric 
titrations, for those instances in which we have no direct electrode 
for either partial reaction. The Feic-Pb2Feoc electrode, for 
example, might be useful in the titration of lead with chromate, 

4A preliminary investigation, made by Kolthoff, and hitherto unpublished, 
proved that this method yields excellent results. In aqueous solutions it takes a 


long time for the equilibrium to become established; in the presence of alcohol a 
satisfactory determination may be made in a few minutes’ time. 


IRREVERSIBILITY OF ONE OF THE PARTIAL REACTIONS 127 


carbonate, etc., provided the reaction of lead with these anions 
occurs without side-reactions. It might also be possible to use 
a ferricyanide-zinc ferrocyanide electrode as an indicator for 
zinc ions, etc. Or an iodine-silver iodide electrode may be used 
for silver ions. Kolthoff proved (1922) that Cl- could be ti- 
trated with silver nitrate with the Ip-AgI electrode. 

Turning our attention once more to the Feic-Pb2Feoc elec- 
trode, we find that we may have three different cases in titra- 
tions: 

a. The solubility of the lead salt which is formed is much 
greater than that of lead ferrocyanide. Obviously, the solu- 
bility must not be too great, or there would be no jump in 
potential. (Cf. Chapters I and IV.) 

Now, if we titrate the lead salt with an anion such that the 
solubility of the salt which is formed is much greater than that 
of lead ferrocyanide, the break in potential at the equivalence- 
point corresponds exactly to that which we find by calculation 
from the solubility product of the slightly soluble lead salt, and 
the electrode behaves as a lead electrode (with the additional 
advantage that its potential changes four times as rapidly, with 
the lead-ion exponent, as does that of the lead electrode). 

b. The solubility of the lead salt which is formed is of the 
same order as that of lead ferrocyanide. In this case the lead 
salt PbA will be precipitated until the equivalence-point is 
reached. An excess of the anion A~ will depress the solubility 
but it may also react with the lead ferrocyanide: 


UXe Pp,beoe— 2EDAa + leo =. 
As long as PbA and PbzFeoc are present as insoluble com- 
pounds, we have: 


[Pb++J[A-] = Sma; [Pb++] = Se 


= Spp. Feoc 
£41217 ites é Sealy ea 
[Pb ] [Feoc | SppyFeoe} [Pb | Feoc= 


From which we have: 


See oa. [AS |e 
Spb,Feoe [Feoc=] 
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We can calculate from this ratio how much of the excess of 
A™ is transformed into PbA, and how large [Feoc-] will be. 
We can also calculate the jump in potential that will occur when 
the equivalence-point is passed. This break in potential will be 
of the same order as in the titration of lead with ferrocyanide, 
when both lead salts, PbA and Pb2Feoc, have solubilities of the 
same order. 

c. The solubility of the lead salt formed is much smaller 
than that of PbeFeoc. In the titration of a lead solution with 
A=, PbA will be first precipitated up to the equivalence-point. 
An excess of A= will react with the Pb2Feoc until equilibrium 
prevails, as we have seen in section b, above. But the condi- 
tions are now such that [A~] will remain very small as long as 
2 
PbA 


solid Pb2Feoc is present. The term e 
Pb2Feoc 


derived above, is very small, because the solubility of PbA is so 
small compared with that of PbeFeoc. Hence, after the equiv- 
alence-point has been reached, an excess of A= will react 
almost quantitatively according to: 


, In the equation 


Pb2Feoc + 2A~ — 2PbA + Feoc=. 
When all of the PbeFeoc has reacted in this way we have a 
second jump in the potential, the magnitude of which is only 
dependent upon the solubility product, Spb, rece. 

Hence, when we titrate a lead salt with an anion which 
forms the salt PbA, the solubility of which is much less than that 
of PbeFeoc, we observe two breaks in the potential. The first 
corresponds to the point where all of the lead is transformed into 
PbA; this is the real end-point in the present instance. The 
second break corresponds to the point where all of the lead ferro- 
cyanide is transformed into PbA. The amount of reagent 
needed between the two potential jumps is equivalent to the 
amount of lead ferrocyanide present. 

If we are carrying out the reverse titration, that of a solution 
of A~ with a lead solution, under the conditions mentioned, the 
excess of A~ that is present in the solution at the beginning of 
the titration will react with the Pb2Feoc, to form an amount 
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of Feoc= equivalent to the quantity of Pb2Feoc added. After 
the first break in potential has been reached, a further addition 
of lead salt causes the formation of PbzFeoc. When this has 
taken place quantitatively, a second jump in the potential 
occurs, which corresponds to the end-point of the titration. In 
the latter case it is more practical to use a little of a highly 
soluble ferrocyanide, as KyFeoc, rather than lead ferrocyanide, 
in the construction of the electrode. Under these conditions, the 
first break in potential corresponds to the end-point of the 
titration. 

In many oxidation-reduction reactions, the electrode is not 
reversible for one of the partial reactions. This is the case, for 
example, in the titration of sodium thiosulphate, or sulphite, 
with iodine: 


nO3s> +e + H2O = S017 + 2H* + 21-. 
With the partial reactions: 


SO3> + H2O0 @ SO4= + 2Ht + 2e, 
and 
Ip + 2e 2 2I-. 


The sulphite-sulphate electrode is not reversible. The same 
is true of the thiosulphate-tetrathionate electrode. It is not 
yet clear why these electrodes are not reversible; probably the 
reactions that are represented by the equations do not take 
place directly, but by way of intermediate steps. 

Nevertheless, reactions of this sort may be used for poten- 
tiometric titrations if one of the partial reactions is reversible, 
which is true of the iodine electrode in the present example. 
It is not possible, however, to calculate the jump in potential 
in the vicinity of the equivalence-point. It must be decided 
empirically whether such a titration is possible or not. 

Sometimes the platinum electrode is not affected at all by 
a reductant. It then behaves more or less like an oxygen 
electrode. We meet this case in the titration of an oxalate with 
permanganate in acid solution. The potential does not change 
to an appreciable extent before the equivalence-point is reached. 
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In this case it is not possible to calculate the equivalence-poten- 
tial, E,; it can only be determined in an empirical way. 

Finally, it should be noted here that many oxidation-reduc- 
tion reactions do not take place exactly according to the equa- 
tions that are given for them. For example: 


CreO7= + 14H+ + 6e @ 2Crtt+t+ 4+ 7H20. 


According to the equation, the potential of the chromic acid- 
trivalent chromium electrode is: 


0.059 5. [Cre07-}[H +4 
6 & [Crt+++]? 


In fact, however, the chromic-ion concentration has but little, 
if any, influence on the potential of this electrode. 
The same holds true for the permanganate potential: 


2 0.059, [MnO,-][H+]8 
i £0 + ca log [Mn++] 


This equation does not express the real conditions, because of 
the reaction between permanganate and manganous ions. 

We must therefore be cautious in the application of theo- 
retical considerations in cases where the electrode reactions are 
not quite reversible. The experimental results must then be 
the basis of the decision as to whether the titration is possible 
or not. 


Part il 


PRACTICAL APPLICATIONS 


A.—GENERAL CONSIDERATIONS 


CHAPTER VII 
THE TECHNIQUE OF POTENTIOMETRIC TITRATIONS 


1. Outline of the Potentiometric Method.—We have no 
reliable and simple means of measuring a single potential differ- 
ence. We may, however, determine the potential of an electrode 
by means of another electrode which has a constant potential 
(a so-called standard half-cell). By connecting the two electrodes 
we may build up a cell, or element, the electromotive force 
(E.M.F.) of which we are able to measure. The change in the 
E.M.F. during a potentiometric titration is exactly equal to the 
change of the potential of the indicator electrode, because the 
reference electrode has a constant potential. 

The method that is usually employed in the measurement 
of the electromotive force of a cell is the Poggendorf-Du Bois- 
Raymond method, or, in other words, the potentiometer method. 
In principle it consists in balancing the potential difference that 
is to be measured against a known opposed potential difference. 
When the unknown is balanced in this manner, no current can 
flow from it through a current-indicating instrument such as 
a galvanometer. 

The principle may be illustrated by the arrangement shown 
in Fig..19. S is a battery having an E.M.F. greater than that 
of the unknown cell, X, the E.M.F. of which is to be determined. 
A common accumulator is generally very suitable as a source of 
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current, S. SA and SB are thick copper of negligible resistance. 
AB is a slide wire of strictly uniform cross-section throughout its 
length (a wire of the kind which is used, for example, in measure- 
ments of electrical conductance). Hence, there is a uniform fall 
of potential from A to B. 

The contact, C, which slides along ie wire AB, is so con- 
nected to the unknown element, X, that the positive pole of the 
battery corresponds to the positive pole of X. The negative 
pole of X is connected to B, the negative pole of the battery. 


— yl 
Fic. 19.—Principle of the potentiometer. 

S, storage battery. G, galvanometer. 

AB, slide wire. X, cell of unknown E.M.F. 


C, sliding contact. 


When we consider the circuit CXGB we have two different elec- 
tromotive forces, namely, Ecg between C and B, and that of 
X, which furnish current in opposite directions. C is now moved 
along AB until the null-point instrument, G, indicates that no 
current is flowing through CXGB. Under these conditions the 
E.M.F. of X is equal to Egg. 

Since the wire AB is of uniform section, the difference in 
potential between A and B is equal to: 


BG 


AaB 


where E is the electromotive force of the battery. ae is the 
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ratio between the resistances of BC and AB. When we are work- 
ing with a slide wire this ratio is equal to that of the lengths of 
BC and AB. If the total length of AB is equal to 1000 mm. (or 
other units of length) as is usually the case, then for e, the 
unknown E.M.F. of X, we have: 


é = BCE, =~} ate 
1000’ 1000 


E is unknown in this case, but it may be determined easily 
by switching X out of the circuit and putting in its place a 
standard cell of known E.M.F. (such as a Weston cell or cadmium 
normal element. Cf. p. 134). 

For practical potentiometric titrations it is not necessary 
to know the value of E, provided it remains constant during the 
titration, because we only wish to determine the changes in e. 
Hence it-is sufficient to determine the values of BC, or a, during 


the titration, or to calculate the ratio, a between the resist- 


ances. If, however, it is desired not only to determine the 
position of the equivalence-point, but also to study the shape 
of the titration curve from a theoretical point of view, the 
authors suggest that the real value of e should be included in 
each new description of a potentiometric titration. 

2. General Equipment for Potentiometric Measurements.— 
The storage battery, or accumulator, is a convenient and reliable 
source of current for the potentiometer. When it has been 
discharged to an E.M.F. below 1.9 volts it must be recharged. 
The ordinary direct-current lighting system may be used for 
recharging if proper resistance be placed in series with the bat- 
tery (cf. text-books on electrochemistry). If a lighting circuit 
that delivers alternating current is used for this purpose, a rec- 
tifier is necessary. There are cheap and convenient types of 
rectifiers available for charging accumulators. It should be 
remembered that a freshly charged accumulator changes its 
E.M.F. a little during the first minutes of its discharge. There- 
fore, it is recommended that the accumulator be allowed to dis- 
charge for a period of about ten minutes before it is used with 
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the potentiometer system. The potentiometer system ACB will 
be discussed in a special section. 

Standard Cells.—The Weston cell is usually used as a standard. 
The construction of this cell is illustrated in Fig. 20. The 
“normal ”’ Weston cell contains a solution of cadmium sulphate 
which is saturated at all temperatures at which the cell is used; 
the cell should therefore contain crystals of the sulphate. The 
ordinary commercial cell, sometimes called the Weston portable 
cell, has a cadmium sulphate solution which is saturated at about 
4°C. The positive pole of the cell is of pure mercury and is 
covered with a layer of a paste 
of mercurous sulphate inti- 
mately mixed with mercury. 
The negative pole is composed 
of an amalgam containing 12.5 
per cent of cadmium by weight. 
The amalgam is formed by 
heating mercury over a steam 
bath and stirring in the cad- 
mium. For the purification of the different materials and 
the preparation of the Weston cell, see W. M. Clark! and 
Ostwald-Luther.? 

The temperature coefficient of the normal Weston cell, which 
contains an excess of cadmium sulphate crystals, is very small. 
The E.M.F, is 


MM > 


Fic. 20.—Weston standard cell. 


1.01830 + 0.00004(20 — 2°), 


between 15° and 25°. 

A thorough study of the unsaturated cadmium cell— 
its preparation, temperature coefficient, etc., has been made 
by Vosburgh and Eppley. They find that the cell, when cali- 


1W. M. Clark, The Determination of Hydrogen Ions, 2d Edition, Williams 
and Wilkins Co., Baltimore, Md. 

2 Ostwald—Luther, Physiko-Chemische Messungen, 3d Edition, 1910 and 1922, 
p. 419; R. Luther and K. Drucker, Akad. Verlagsges. m. C. H., Leipzig. 

3 Vosburgh and Eppley, J. Am. Chem. Soc., 45, 2268 (1923); 46, 104 (1924); 
J. Opt. Soc. Am. and Rev. Sci. Insts., 9, 65 (1924). Vosburgh, J. Am. Chem. Soc., 
47, 1255 (1925); J. Opt. Soc. and Rev. Sci. Insts., 11, 59 (1925). 
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brated against the normal Weston cell (saturated), makes a con- 
venient standard of E.M.F. whose value remains constant to 
0.02 per cent for years, with proper care. The chief advantage 
of the cell is that its temperature coefficient is practically neglig- 
ible, being less than —0.00001 volt per degree. 

Null-point Instruments.—The finest and most sensitive null- 
point instruments are not required for the purposes of potenti- 
ometric titrations, because the measurements are comparatively 
rough. A deflection of one millimeter for one megohm (one 
million ohms) and an E.M.F. of one volt is generally sufficient. 
The well-known d’Arsonval galva- 
nometer is not a practical instru- 
ment for these measurements. 

a. The galvanometer is a cur- 
rent-indicating instrument which 
usually consists of a coil of wire in 
the magnetic field of a strong per- 
manent magnet. This coil is intro- 
duced into the circuit in which the 
presence or absence of current is 
to be detected. A current flowing 
through the turns of the suspended 
coil produces a magnetic field which, 
by its interaction with the field of StL Ly Sa en ae 
the permanent magnet, tends to Northrup Galvenoreter 
turn the coil so that it will embrace 
the maximum number of lines of force. 

A small portable galvanometer, such as is furnished by 
The Leeds and Northrup Company, will serve for most titrations. 
The sensitivity of this inexpensive galvanometer is such that 
the current at one volt, acting through a resistance of one meg- 
ohm, causes the pointer to move one millimeter over the scale. 
The resistance of the instrument is about 225 ohms. and its 
period is about 2.5 seconds. 

For the titration of very dilute electrolytic solutions, which 
have a rather high resistance, the sensitivity of this instrument 
is not high enough. The “ portable lamp and scale ” galvanome- 
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ter of The Leeds and Northrup Company will usually serve. 
This instrument is illustrated in Fig. 22. Its sensitivity is 
twenty times greater than that of the simple instrument. The 
“type P” galvanometers of The Leeds and Northrup Company 
are very easy to set up, are much more sensitive, and are also 
quite cheap. 

b. The capillary electrometer is an instrument that indicates 
a difference of potential between its poles. It has the advan- 
tage of being very inexpensive. 
The Ostwald-Luther type, 
which is in common use, is 
illustrated in its practical form 
in“ Fig, 23+ Clark gives” the 
following description: 

“The capillary electrom- 
eter depends for its action 
upon the alteration of surface 
tension between mercury and 
sulphuric acid with alteration 
of potential difference at the 
interface. Platinum contacts 
are sealed into two test-tubes 
and the tubes are joined to- 
gether by a capillary, K, of about 1 mm. diameter. After a 
thorough cleaning, the instrument is filled as illustrated with clean 
distilled mercury, sufficient mercury being poured into the left tube 
to bring the meniscus in the capillary near a convenient point. In 
the other tube is placed pure 10 per cent sulphuric acid. The air 
is forced out of the capillary with mercury until a sharp contact 
between mercury and acid is obtained in the capillary.” The 
instrument is now mounted before a microscope, or powerful 
lens. The latter suffices for most practical purposes. ‘ The 
definition of the mercury meniscus is brought out by cementing 
a cover glass to the capillary with Canada balsam.” (See 
Biot 23.) 
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Fic, 22.—Leeds and Northrup lamp and 
scale galvanometer. 


‘Partly taken from Erich Miiller, Die Elektrometrische Massanalyse, p. 4. 
Cf. also W. M. Clark (loc. cit.); and Ostwald—Luther (Joc. cit.). 
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“An important feature in the use of the capillary electrom- 
eter is its short-circuiting between measurements.” This is 
done by the key illustrated in Fig. 23. ‘“ Tapping down on the 
key breaks the short-circuit and brings the terminals of the 
electrometer into circuit with the E.M.F. to be balanced. If 
the E.M.F. is out 
of balance, the po- 
tential difference 
at the mercury- 
acid interface 
causes the mercury 
to fall or rise in . 
the capillary: 
Releasing the key 
short-circuits the 
terminals and 
allows the mercury 
to return to its 
normal position. 
Adjustment of the 
potentiometer sys- 
tem is continued 
till no movement 
of the mercury can 
be detected.” 

When the capil- 
lary electrometer 
has been switched 
into the circuit for 
too long a time, 
polarization may Fic. 23.—Capillary electrometer with microscope. 


occur, with the 

formation of fine gas bubbles in the capillary. In this case 
a fresh contact must be secured between the mercury and the 
acid in the capillary, by inverting the apparatus. As a result 
of this manipulation, the mercury streams through the capillary, 
breaks suddenly, falls, and forms a fresh surface. A fresh surface 


188 THE TECHNIQUE OF POTENTIOMETRIC TITRATIONS 


must also be made in cases where the surface between mercury 
and acid has become dirty, as this condition makes it impossible 
to see a sharp change in the meniscus when there is only a small 
potential difference. Sometimes it is advantageous to use a small 
2-volt lamp behind the electrometer for clearer observation of the 
surface in the capillary. 

The Cell of which the E.M.F. is to be Determined.—This is 
built up of the unknown indicator electrode and a standard 
half-cell. The shape and material of the indicator electrode 
depends upon the kind of ion of which the concentration is to be 
determined. A more detailed survey of standard half-cells is given 
in the section entitled ‘“ Special Determinations.” (Cf. p. 164.) 

Calomel Electrodes—These are generally used as standard 
half-cells.° A calomel electrode is one in which mercury and cal- 
omel are overlaid with a potassium chloride solution of definite 
concentration. The mercury and calomel must be as pure as 
possible (cf. the corresponding chapters in W. M. Clark, loc. 
cit.). A layer of the pure mercury is placed on the bottom of the 
electrode vessel, and upon this is put a layer of mercury and cal- 
omel paste in the potassium chloride solution. This mixture may 
be obtained by rubbing the mercury and calomel together in a 
mortar so that the mercury is in a very finely divided state, and 
the mixture has a black or grayish-black appearance. The mix- 
ture is washed several times with the potassium chloride solution 
with which the vessel is to be filled. After the last decantation 
the mixture is placed upon the mercury layer in the vessel. 

The best method for the preparation of the mixture of cal- 
omel and mercury is the electrolytic one devised by Lipscomb 
and Hulett ® and recently simplified by W. W. Ewing.” 

The potassium chloride solution, with which the electrode 
is filled, must be saturated with calomel. Therefore, it is recom- 
mended that this solution be shaken with the mercury-mercurous 


5 Stig Veibel, J. Chem. Soc., 128, 2203 (1923), recommends the use of the 
quinhydrone electrode in 0.01 N hydrochloric acid and 0.09 N potassium chloride 
as a reference electrode. 

6G. T. Lipscomb and G. A. Hulett, J. Am. Chem. Soc., 38, 22 (1916). 

TW. W. Ewing, J. Am. Chem. Soc., 47, 301 (1925). 
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chloride paste for some time. W. M. Clark, in his excellent 
book, gives descriptions and illustrations of the different calomel 
electrode vessels that have been described in the literature. 
This standard work may be consulted for further details. For 
practical work in potentiometric titrations, the authors prefer 
the simple form that is used by Erich Miiller.8 Kolthoff has used 
this vessel for several years, and considers it the most convenient 
one for potentiometric titrations. 

CE, the calomel electrode, is a wide-mouthed bottle. A layer 
of mercury about 0.5 cm. deep is put on the bottom; above this 
is placed the mercury-calomel 
paste, and the bottle is filled 
with the potassium chloride 
solution, saturated with calo- 
mel. (The authors always use 
1N KCl.) The bottle is closed 
by a two-holed rubber stopper. 
Through one of the holes 
passes a capillary tube partly 
filled with mercury; a plat- 
inum wire is sealed in at the 
bottom of the tube. A copper 
wire, which makes contact Fic. 24.—Calomel electrode and salt 
with the circuit, dips into the Bde ay Pe Seer een 
mercury in the capillary. The 
capillary is so placed that the platinum wire dips into the mercury 
of the electrode. 

Through the other hole of the stopper passes the siphon, 
which makes electrolytic contact with the solution to be titrated. 
The latter is placed in a beaker. The siphon is made of two 
glass T-tubes which are joined by a rubber tube at H, and also 
by a longer rubber tube at I. The two tubes are closed at the 
bottom by plugs of filter paper and are then filled up with sat- 
urated potassium chloride solution, so that there is contact 
between the left and right legs. The plugs are made of high- 
grade filter paper, which is moistened with the potassium chloride 


8 Toc. cit., Die Elektrometrische Massanalyse. 
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solution, rolled between the fingers, and pressed into the tubes. 
In this way there is practically no leakage or diffusion of solution 
from the tubes to the liquids in the electrode bottle or beaker, 
respectively. If the filter paper is well pressed in, the siphon 
may be kept for several weeks before it needs to be refilled. 

Dr. H. Meusel of Dresden (private communication) fills the 
ends of the siphon tube, which joins the beaker and calomel 
‘electrode, with a warm solution of 3 g. agar in N potassium 
chloride. This solution forms a stiff gel, upon cooling. The rest 
of the siphon is filled with an aqueous solution of potassium 
chloride. The agar-KCl gel has a high conductivity. It there: 
fore eliminates the slow establishment of steady potential that 
occurs when the ends of the siphon are filled with filter paper. 

Another calomel electrode, of convenient shape, which may 
be placed directly in contact with the solution to be titrated, 
without the use of a salt bridge, has been described recently by 
C. J. Schollenberg.® 

In titration with, or of, silver and mercury salts, it is recom- 
mended that the siphon be filled with potassium nitrate or sul- 
phate, or with ammonium nitrate, rather than with potassium 
chloride solution. When the calomel electrode is not in use, the 
hole through which the siphon passes is closed by a small rubber 
stopper in order to prevent evaporation of the solution in the 
vessel. 

As far as practical titrations are concerned, we may leave the 
liquid-junction potentials out of consideration. In practice, four 
different calomel electrodes are used, i.e., they are filled respec- 
tively with potassium chloride solutions of four different con- 
centrations. On the reproducibility of these electrodes the 
reader is referred to W. M. Clark, Joc. cit., where a full discussion 
of the literature is given. Since all of our standard values are 
referred to the normal hydrogen electrode, it is of importance 
to know the potential difference between the different calomel 
electrodes and the normal hydrogen electrode. The following 
values are taken from the data given in Clark’s book and in the 


9C, J. Schollenberg, J. Ind. Eng. Chem., 17, 649 (1925). 
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excellent paper of S. P. L. Sérensen and K. Linderstrém-Lang: !° 


0.1 N calomel electrode—N hydrogen electrode: —0.3380-+0.00006(t—18) 
1.0 N calomel electrode—N hydrogen electrode: —0.2864+0.00024(¢—18) 
3.5 N calomel electrode—N hydrogen electrode: —0.2549-+0.00039(¢—18) 
Saturated calomel electrode—N hydrogen electrode: —0.2504+0.00065(¢—18) 


0.1 N means that the electrode is filled with 0.1 N potassium chlo- 
ride solution, etc. 

From this table one might get the impression that the tem- 
perature coefficient of the 0.1 N calomel electrode was the small- 
est, and that the temperature coefficient increased with increasing 
potassium chloride concentration. This is not true, because we 
are not considering the calomel electrode alone, but rather cells 
which include the normal hydrogen electrode. Hence, the 
temperature coefficient of the cell is the algebraic sum of those 
of the two electrodes. From the measurements of Sdrensen 
et al. (loc. cit.) we know that the temperature coefficient of the 
hydrogen electrode is — 0.00085. Introducing this value, we 
obtain the following temperature coefficients: 

0.1 N calomel electrode, 0.00079 
1.0 N calomel electrode, 0.00061 (Richards, 1897) 


3.5 N calomel electrode, 0.00046 
Saturated calomel electrode, 0.00020 


The authors generally use the normal calomel electrode as 
a reference electrode, and they always refer the values of the 
electromotive force for the titration curves to this electrode 
unless they make a special note to the contrary. By means of 
the above data these values may be readily recalculated to the 
basis of the normal hydrogen electrode. 

3. The Potentiometer System.—(a) In the discussion of the 
principle of the potentiometric method (cf. Fig. 19, p. 132) AB 
represents a slide wire such as is used in conductivity work. 
Such a slide wire, with its rather low resistance, can not be 
recommended for very accurate measurements. It is more than 

10S, P. Sérensen and K. Linderstrém-Lang, Compt. rend. du Lab. Carlsberg 
15, (1924). On the saturated electrode, cf. W. W. Ewing, J. Am. Chem. Soc., 


47, 301 (1925). For literature references see I. M. Kolthoff, Chem. Weekblad 
(1925). 


142 THE TECHNIQUE OF POTENTIOMETRIC TITRATIONS 


sufficient for our titration work, since we wish to know the change 
of the potential during the titration, and a small error in the abso- 
lute of the E.M.F. is without influence on the result. Therefore, 
one of the authors (Kolthoff) generally uses a slide wire—not 
the ordinary one, but the so-called Walzenbriicke (cylinder 
bridge) of Kohlrausch. This instrument is very convenient and 
occupies little space. In this case the wire is of considerable 
length and is wound on a drum of hard rubber or other insulating 
material. Sliding contact is effected by means of a small roller 
which travels along the wire. When the system is balanced, the 
E.M.F., e, of the unknown element is: 


a 
e= 70002” 

where a is the value read on the wire and E is the E.M.F. of the 
battery. By placing a resistance 
between one of the ends of the bridge 
and the battery and switching in 
the standard cell, it is easy to adjust 
E at 2 volts; under these conditions 
we have: 


é = a X 2 millivolts.!! 


(b) Instead of the slide wire, 
Erich Miiller!? prefers the use of 
the Ostwald “decade” rheostat. 
This apparatus has been described 
by Ostwald and Luther.!® The 
instrument is illustrated in Fig. 25. 

It is of practical convenience to 
have a total resistance of 1000 ohms. 
By means of two plugs, S, resistance may be switched into 


Fic. 25.—Ostwald decade 
rheostat. 


11 Cf, also Roberts, J. Am. Chem. Soc., 41, 1358 (1919). 
12 Erich Miller, Die Elektrometrische Massanalyse, 2d Ed., p. 3. 
18 Ostwald-Luther, Physiko-Chemische Messungen, p. 427. 
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the side circuit until the system is balanced. If this resistance 
is equal to a, we again have: 


a 
= 7000 

c. For work of a high order of accuracy, two precision resistance 
boxes, each with a total resistance of about 10,000 ohms, should 
be used. In order to keep the current constant, any resistance 
removed from one of the boxes is added to the other, and con- 
versely. In this case the total resistance is always constant. 


Rheo, 


Fic. 26.—Principle of the potentiometer. 


d. The use of the so-called “ potentiometers” is of great 
practical advantage. From a didactic standpoint they have the 
disadvantage of giving E.M.F. readings without forcing the 
student to understand what he is doing. On the other hand, the 
convenience of these instruments is so great that they will grad- 
ually find a place in all laboratories for electrometric work. 
A description of the ‘‘ student’s potentiometer ” of The Leeds 
and Northrup Company." is given below. This instrument is of 
sufficient accuracy for all titration work. The authors can not 
recommend the same company’s much more accurate type-K 
potentiometer for work of this kind, as it is too sensitive. The 
principle of the instrument was discussed in § 1; it is represented 
diagrammatically in Fig. 26. Rheo. is a resistance box. 


4 The Leeds and Northrup Company, Bulletin No. 765. 
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Figure 27 gives the complete wiring diagram of the student’s 
potentiometer. The essential part of the instrument consists 
of twenty-two 100-ohm coils, in series with which is an extended 
slide wire having a resistance of 100 ohms. One contact point 
is so arranged that it can make contact between any two of the 
100-ohm coils, and a second point can be brought into contact 
with any point on the wire. The terminals of the total resistance 
of 2300 ohms are brought out to a pair of binding posts. The 
scale of the extended wire is divided into 1000 equal parts. 
A second pair of binding posts leads to the two sliding contacts. 


Ba. + Rheo. +E,M.F.— 


Fic. 27.—Leeds and Northrup students’ potentiometer. 


The resistance box (Fig. 28) is an auxiliary apparatus which has 
a resistance of at least 1000 ohms, variable in steps of 1 ohm.!5 
Two dry cells in series are used as the source of current. 

To make a reading, set the potentiometer switches to corre- 
spond to the voltage of the standard cell. Connect the standard 
cell in the circuit by means of the double-throw switch, and adjust 
the regulating resistance until the galvanometer is balanced. 
By this process the E.M.F. supplied by the dry cells is adjusted to 
2.300 volts. Now, since the total resistance between the termi- 
nals O B is 2300 ohms, each ohm corresponds to an E.M.F. of 
0.1 millivolt. To make a reading of an unknown cell, proceed as 


18 Special regulating resistances may be obtained which are less expensive than 
the 3-dial resistance box. 
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follows: reverse the double-throw switch so that the potential to 
be measured is brought into the circuit. Now manipulate the 
two dials of the potentiometer until no current flows through the 
galvanometer. The “unknown” E.M.F. may then be read 
off directly. For example, if the dial switch is on 0.6 and the 
slide wire on .0612, the reading is .6612 volt. The calibration 
of the slide wire is guaranteed to be accurate to 0.5 per cent; the 
measurements may be in error by 0.0005 volt. Figure 28 gives 
the wiring diagram of the student’s potentiometer as connected 
for measurement of a potential difference. The advantages of 


Fic. 28.—Leeds and Northrup students’ potentiometer and accessories. 


the instrument are that a balance is very quickly obtained and 
the unkown E.M.F. may be read without making any calibra- 
tion. The authors have found this set-up very convenient for 
ordinary analytical work as well as for the investigation of new 
problems. 

(e) Another mode of using a simple system without calculation 
depends on the use of the millivoltmeter.!® This may be done in 
various ways. Consider Fig 19, p. 132. We may use for resist- 
ance, AC, a decade resistance box of high resistance (50,000 
ohms). This resistance box need not be accurate. The milli- 
voltmeter is placed between C and B. This instrument usually 
has a resistance of about 1000 ohms. The resistance in AC is 


16 Cf. J. H, Hildebrand, J. Am. Chem. Soc., 35, 847 (1913). 
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changed until the system is balanced, and the E.M.F. is read 
directly on the voltmeter. Another arrangement is shown in 
Fig. 29. 

Kling and Lassieur 17 recommend a similar arrangement in 
which they use two sliding resistances, one of 195 ohms, the other 
of 5 ohms for the finer adjustment. After the system is balanced, 
the resistances are switched out and the voltmeter is switched in. 


Fic. 29.—Potentiometer arrangement suggested by Hildebrand. 


The apparent advantage of the use of the millivoltmeter lies 
in the fact that the standard cell may be omitted, as it is not 
necessary to know the E.M.F. of the source of current; moreover, 
the resistance values need not be known. The disadvantages are 
that millivoltmeters are usually provided with a scale of 10 
millivolts per division, hence the millivolt readings must be 
approximated; moreover, recalibration of the instruments is 
necessary. 


17 Kling and Lassieur, Compt. rend., 174, 165 (1922). 


CHAPTER VIII 


DETECTION OF THE END-POINT OF A POTEN- 
TIOMETRIC TITRATION 


1. General and Exact Method.—Since the abrupt change in 
potential occurs very close to the equivalence-point, the latter 
may be easily found by plotting the change of the E.M.F. against 
volume of reagent. It is usually assumed that the inflection- 
point, i.e., the middle of the jump in potential, indicates the 
equivalence-point precisely. We have seen in Chapters V and 
VI that, especially in oxidation-reduction reactions where we are 
titrating with substances such as permanganate, bichromate, 
etc., the equivalence-point is not located at the middle of the 
break, but very near the end where the curve bends toward the 
permanganate or bichromate side. The potential break, how- 
ever, is usually very steep, and therefore the method above 
described is satisfactory for most practical cases when we are 
titrating with sufficiently concentrated solutions. It enables 
us to locate the point of inflection by inspection with the desired 
degree of accuracy. 

It is not necessary, however, to plot all the data of the titra- 
tion curve, since only the change near the end-point is of analyti- 
cal importance. The method which was proposed by Hostetter 
and Roberts ! is more accurate as well as simpler; it is to make 


a graph of the values of Be against cubic centimeters of reagent. 
6 Ac 


The maximum of this curve indicates the equivalence-point. 
It is not necessary to make a graph, as the maximum may be 
read directly from a table. This is done in the following way: 
In the vicinity of the equivalence-point we add the reagent 
drop by drop and determine the potential each time. We may 


1 Hostetter and Roberts, J. Am. Chem. Soc., 41, 1337 (1919). 
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then calculate the value of : after the addition of each drop 


of reagent; the maximum is found with an accuracy of at least 
half a drop of reagent. The drop volume must, of course, be 


known. When, for example, we find the following values for — 


AE 

Ac 
1 drop 200 
1 drop 400 
1 drop 900 
1 drop 800 
1 drop 600 


the maximum is located between the third and fourth drops and 
we may approximate it at 35 drops with an accuracy of 0.01 cc. 
of reagent. The following example gives the results of an actual 
determination: 


TITRATION or 25 cc. oF Porassrum IopipE (ABout 0.1 N), Mrxep wits 150 cc. 
WaTER AND 5 cc. 4N SuLpHuric AciID, WITH PERMANGANATE 


(E.M.F. Measured Against N Calomel Electrode) 


Cubic AE 
Centimeters of E ie 
Permanganate x 

24.0 0.482 

24.28 0.504 

24.36 0.518 

24.39 0.528 - 

24.42 0.544 ian 

24.46 0.588 5070 Maximum 

24.49 0.740 rie 

24.52 O52 40 

25.00 0.772 


q 


; AE 
Maximum ee : 24.48 cc. reagent. 
¢ 


2. The Pinkhof Method and Its Modifications.—J. Pinkhof,? 
who made an excellent study of the application of potentiometric 


2 J. Pinkhof, Over de Toepassing der Elektrometrische Titraties, Dissertation, 
Amsterdam (1919). 
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titrations, attempted to devise a simpie arrangement whereby 
the method could be generally applied without being at all expen- 
sive. He replaced the calomel electrode by a compensation elec- 
trode whose potential is exactly equal to that of the unattackable 
electrode solution at the completion of the titration. When this 
method is employed, a sudden reversal of polarity marks the 
end-point. Hence, no potentiometer system is necessary and 
a simple capillary electrometer serves as indicating instrument. 
The arrangement is illustrated in Fig. 30. 

The mercury of the capillary electrometer moves in one 
direction, when the instrument is switched into the circuit, until 


Fic. 30.—The Pinkhof system. 


S, solution to be tested. K, tapping key. 
E, indicator electrode. C.E., capillary electrometer. 
R, reference electrode. 


the equivalence-point is reached; at this point it ceases to move. 
With an excess of the reagent, the mercury moves in the opposite 
direction. A preliminary titration is usually necessary because 
we have no indication as to whether we are close to the end-point. 
The arrangement has a number of disadvantages: every 
titration requires its own peculiar electrode system; and it is 
difficult to compensate for the effects of foreign electrolytes in 
the solution, and for temperature influence. As above men- 
tioned, there is no warning of the approach of the end-point. 
W. D. Treadwell 3 uses a half-cell which contains a solution 
of the seme composition as that which the solution to be titrated 
3W. D. Treadwell and L. Weiss, Helv. Chim. Acta, 2, 680 (1919); see also 


Garner and Waters, J. Soc. Chem. Ind., 41, 337 (1922); Oesterheld and Honegger, 
Helv. Chim. Acta, 2, 398 (1919). 
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will possess at the equivalence-point; this solution is in contact 
with the same unattackable electrode, instead of the standard 
electrode. Treadwell uses a millivoltmeter instead of a capillary 
electrometer. The arrangement is illustrated in Fig. 31. The 
reader is referred to the original paper for details. 

The disadvantage again lies in the necessity of preparing a dif- 
ferent end-point electrode for each reaction. This objection 
can not be brought against the modification which Erich Miiller 4 


Fic. 31.—Treadwell system Fic. 32.—Miiller system. 
W, commutator. E, indicator electrode. 
V, voltmeter. C.E., normal calomel electrode. 
E, electrode. : G, galvanometer. 
S, stirrer. R, Ostwald decade rheostat. 


has devised. He uses the normal calomel electrode as a reference 
electrode; at the beginning of the titration he switches into the 
circuit an electromotive force which is just equal to that devel- 
oped by the indicator system at the end-point. The reagent is 
added until the null-point instrument shows no deflection, or 
reverses the direction of the deflection. It is more practical and 
convenient to use a rough and inaccurate potentiometer system 
and to switch in the voltmeter from time to time. (Principle of 


‘Erich Miller, Die Elektrometrische Massanalyse, 2d Ed., p. 78. 
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Kling and Lassieur, Joc. cit., of. p. 146). Reagent is added until 
the voltmeter indicates the equivalence-potential. 

Hence we need to know the value of the equivalance-poten- 
tial, which must be determined by the method above described 
($1). The Miiller arrangement is more expensive than that of 
Pinkhof. We again have the disadvantage that the influence of 
foregin salts upon the equivalence-potential must be taken into 
account. When the jump in potential at the equivalence-point 
is very large, this influence may be ignored; however, when we 
are dealing with the successive titration of various substances in 
a solution, the concentration of foreign electrolytes may be of 
very great importance. In ox’dation-reduction titrations with 
substances like permanganate, bichromate, etc., the hydrogen-ion 
concentration of the liquid to be titrated is of especially great 
importance. Another disadvantage of the Miiller arrange- 
ment is that there is no warning of the approach of the end- 
point. 

The Pinkhof method, and its modifications, all have this 
advantage in common: that the titration may be performed 
very quickly. A result may be obtained in about two minutes. 
This rapidity, however, carries with it a marked disadvantage, 
namely, that we have no assurance that the potential has become 
constant, and that equilibrium has been established. Everyone 
who has had experience with the performance of potentiometric 
titrations knows that, near the equivalence-point especially, 
where the break in potential occurs, the potential does not become 
constant immediately after the addition of the reagent. It is 
necessary to wait a longer or shorter period for the establish- 
ment of equilibrium. Hence, when we add reagent until the 
equivalence-potential is reached we have no assurance that the 
equivalence-point is reached, and an erratic result may therefore 
be obtained. Another disadvantage of the Pinkhof system is 
that it is balanced at the equivalence-point only; therefore, 
polarization may occur at a distance from this point. 

For all the above-mentioned reasons, the authors can not recom- 
mend the Pinkhof system and its modifications for accurate titra- 
tions. In some particular instances it may be of distinct advan- 
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tage; in general, however, the method described in § 1 is recom- 
mended. 

When the potential becomes constant very soon after the 
addition of reagent, the titration may be carried out in about five 
minutes. If the establishment of equilibrium is slow, much 
time is required for a titration, but the method has the advantage 
of giving accurate results. The time may always be shortened 
by adding the reagent in a stream until the potential begins to 
change rapidly. This gives an indication that we are approaching 
the equivalence-point, and further addition of the reagent must 
proceed slowly as described in §1. This simplification must be 
applied carefully, since it is possible to overstep the end-point 
in this way in cases where the jump in potential is small. Those 
who have had some experience with potentiometric titrations 
will readily find, in any particular instance, the conditions under 
which an accurate result is most quickly obtained. The authors 
wish to lay stress on the accuracy which may be attained by the 
application of potentiometric titrations. The literature con- 
tains reports of many investigations in which rapid potentiometric 
determinations are described. Unfortunately, this practical 
advantage is often gained at the cost of accuracy. The reader 
is warned against applying these methods unless it has been 
proved by the exact method that the results are reliable. 

In all cases where a new titration method is being investi- 
gated, the whole titration curve should be determined, since 
many theoretical and practical conclusions may be drawn from 
its form. 

3. The Dutoit System. Polarized Indicator Electrode.—As 
we have seen on page 125, it is inconvenient or impracticable 
to use an electrode of the corresponding metal in many precipi- 
tation reactions. In such instances Dutoit and von Weisse ® 
have proposed the use of a cathodically polarized platinum 
electrode in conjunction with the usual calomel half-cell. <A 
fresh laywer of metal is formed continuously, by the feeble 
polarizing current, on the platinum cathode, which then gives 


® Dutoit and von Weisse, J. chim. phys., 9, 578 (1911). 
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the characteristic electrode potential of the metal. The appa- 
ratus is indicated in Fig. 33. 

The experimental set-up is not simple. There is a loss of 
metal due to the polarization, and hence the result is not accu- 
rate. In spite of these disadvantages, the arrangement some- 
times makes possible the esti- 
mation of a number of cations 
in a given solution by the 
addition of appropriate rea- 
gents in succession. The 
method can not be recom- 
mended, however, for general 
application, nor for particu- 
larly accurate determinations. 

4. Polarized Bimetallic 
Electrode Systems.— Bimetallic 
Systems.—In connection with a Fic, 33.—Polarization system of Dutoit 
potentiometric study of the and von Weise. 
ferrous iron—bichromate reacs jE pe te 
tion, Hostetter and Roberts® © 8, polarizing battery. 
made the important observa-  j *mméier for polarizing current. 
tion that a cell consisting of a __ P, potentiometer. 
palladium electrode and the ey ene 
usual calomel half-cell did not exhibit any appreciable change 
in potential at the equivalence-point. They therefore suggested 
that a cell composed of one platinum and one palladium elec- 
trode might serve for the determination of end-points, the 
platinum wire being the indicator electrode. 

Willard and Fenwick 7 made an extensive investigation of the 
characteristics of bimetallic systems. Their general findings 
may be summarized as follows: 

The initial difference in potential between two dicsealee 
metal electrodes, in the absence of an oxidizing agent, varies 


6 Hostetter and Roberts, J. Am. Chem. Soc., 41, 1337 (1919). 

7 Willard and Fenwick, J. Am. Chem. Soc., 44, 2504 (1922). See also Florence 
Fenwick, The Theory and Application of Bimetallic Electrode Systems in Elec- 
trometric Analysis, Dissertation, University of Michigan (1922). 
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considerably with the nature of the pre-treatment of the elec- 
trodes, and with the concentration of acids, salts, etc., in the 
solution. Upon addition of oxidizing agent, the potential dif- 
ference falls rapidly to practically zero and remains thus until 
within 0.2-0.3 cc. of the end-point. A short rise in the potential 
difference gives warning of the abrupt and characteristic break 
in potential at the end-point. This break usually amounts to 
100-200 millivolts. The most effective systems were found to 
consist of platinum, together with some other metal or alloy 
of metals of the platinum group, or with tungsten. Palladium 
and palladium alloys were found to be unsatisfactory because 
of the solubility of palladium in various solutions. 

A further study of the behavior of systems of two dissimilar 
metallic electrodes during the course of titrations has been 
made by Van Name and Fenwick.* ‘They point out that since 
the ideal expression for the electrode potential, E, of an inert 
electrode is of the form: 


EK = Consta 
iL == a 


where « is the fraction in the higher, and 1—-« that in the lower 
state of oxidation, the value of E is extremely sensitive to slight 
changes in x when it approaches the limiting values 0 and 1 
at the beginning of a titration and at the equivalence-point 
respectively. 

If there is a difference between the relative rates at which 
the two dissimilar electrodes tend to approach equilibrium, the 
divergence will be greatest in these two regions of maximum 
sensitivity. Experiment shows that this is the case. The 
divergence is more frequently observed at the equivalence- 
point, presumably because it is very difficult to prepare an 
oxidant that is entirely free from its reduction product, and 
conversely. 

The end-point potential divergence is really a time effect 
which is caused by the difference in the rates at which the dis- 
similar electrodes approach equilibrium. Given sufficient time, 


8 Van Name and Fenwick, J. Am. Chem. Soc., 47, 9 (1925). 
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both electrodes would presumably reach the same state of 
equilibrium and the potential difference would vanish. The 
general tendency is in this direction, but the difference may 
persist for a long period. 

Differential Titration with Platinum Electrodes —D. C. Cox 9 
has described a method of differential titration which gives an end- 
point indication analogous to those obtained with bimetallic elec- 
trode systems. The method consists in titrating two similar por- 
tions of a given solution, with an appropriate reagent, at slightly 
different rates: one burette may have delivered 0.1 or 0.2 cc. more 
of reagent to the first solution than the second burette has deliv- 
ered to its solution. The difference in rate is called the “ offset.” 
An offset of 0.2 cc. is generally convenient. Similar electrodes, 
which may be platinum or air electrodes,!° are placed in the 
two beakers. Electrolytic connection between the beakers is 
established by a salt bridge. At the end-point a sharp difference 
in potential is developed between the two electrodes; the differ- 
ence is registered by a millivoltmeter, or by a simple potenti- 
ometer system. The end-point is at the maximum potential 
difference. No data are given to establish the limit of accuracy 
of the method. Cox states that it is simpler and more accurate 
than the usual methods of electro-titration. He claims the 
following advantages: 

1. No necessity of plotting curves. 2. Elimination of cal- 
omel half-cell. 3. Compensation of error due to electrode drift. 
4. Elimination of diffusion troubles by using solutions of almost 
identical compositions. 

Cox applied the method to neutralization reactions only. 
It should be equally applicable to oxidation-reduction reactions, 
and perhaps to some precipitation reactions. 

Polarized Bimetallic Systems.—In studying the effect of vari- 
ous modes of pre-treatment upon the behavior of the various 
metallic electrodes, Willard and Fenwick '! found that polari- 
zation was a very effective method for obtaining a satisfactory 


9D. C. Cox, J. Am. Chem. Soc., 47, 2138 (1925). 
10 Cf, Furman, J. Am. Chem. Soc., 44, 2685 (1922); cf. p. 212. 
1 Willard and Fenwick, J. Am. Chem. Soc., 44, 2516 (1922). 
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behavior. ‘This effect was predicted on the basis of the Nernst- 
Fredenhagen !? theory that an unattackable electrode behaves 
as a gas electrode. Hence, the electrolytic charging of an 
electrode with either oxygen or hydrogen should cause it to 
exhibit a steadier behavior than would a random charging 
caused by immersing the electrode in an oxidizing or reducing 


Rheo, 0.5 V. 


a.2 Potentiometer 

Fic. 34.—Polarized bimetallic system of Willard and Fenwick. 
Ba,, storage battery for polarizing current. Cp mercury cup commutator. 
Baz, Edison storage battery. Pot.Pot., leads from electrodes to potentiometer 
Rheo., rheostat for taking off polarizing voltage. system. 
V, voltmeter. Cs, standard cell. 
H.R., high resistance (100,000 ohms). Ss, battery switch. 
Sy, voltmeter switch Sa, galvanometer switch. 
Sr and Sp. reversing switches. G. galvanometer. 


P.P., polarizing leads to electrodes. 


solution, heating in a flame, etc. Finally, Willard and Fenwick 
found that a polarized bimetallic system, composed of two portions 
cut from a very pure platinum wire, gave the best end-point indica- 
tions of any bimetallic system. The two similar electrodes were 
polarized anodically and cathodically, respectively, with a very 
small current (about 0.5 X 10-5 ampere). The apparatus is 
shown diagrammatically in Fig. 34. 
12 Fredenhagen, Z. anorg. Chem., 29, 398 (1902); Nernst (1889), 
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The end-point change is an abrupt break of 100 to 200 milli- 
volts. 

The mechanism of the end-point change has been studied 
further by Van Name and Fenwick.!3 Their conclusions are as 
follows: 

“1. The principal factor determining the sharpness of the 
electrometric end-point with polarized electrodes of pure plati- 
num is the difference in the degree of reversibility of the electrode 
reaction before and after the end-point. Other factors, such as con- 
centration and rate of stirring, are of minor importance. The end- 
point phenomena are more distinct the more nearly the electrode 
reactions conform to the requirement of complete reversibility 
on one side of the end-point and complete irreversibility on the 
other, but are sharp enough for practical use in analysis in some 
cases which fall far short of meeting this requirement. 

“2. Although polarization sometimes produces a slight dis- 
placement of the end-point break of a single electrode, the errors 
so introduced are too small to be of significance in volumetric 
analysis. 

“3. The end-point break in titrations of the ordinary type, 
based on the single potential of the platinum electrode, may 
often be improved and the behavior of the electrode made 
much more dependable and satisfactory by polarizing it with 
respect to an auxiliary electrode.” 

The arrangement devised by Willard and Fenwick has the 
disadvantages of complexity, rather expensive nature of the 
apparatus, and lack of warning of approach of the end-point. 
On the other hand, the simplicity of the electrodes themselves 
and the sharpness of the end-point indication are decidedly 
favorable. A discussion of the results, which Willard and Fen- 
wick obtained, is given in the section entitled ‘‘ Special Deter- 
minations.”’ 

5. Continuous-reading Potentiometric Devices.—Instead of 
reading and plotting the changes in potential, it is possible to 
have these changes recorded automatically by an instrument of 


13 Van Name and Fenwick, J. Am. Chem, Soc., 47, 19 (1925), 
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the type that has been perfected for automatic thermocouple 
records. Such recording instruments may be provided with 
devices for adding reagent at a given potential reading, or releas- 
ing alarm signals, etc. Some of these applications have been 
described by Keeler.!4 These automatic devices depend upon 


eth 


By 
Fic. 35.—Continuous-reading electro-titration apparatus of Goode. 
H, hydrogen electrode. G, galvanometer. 
C, calomel cell. A, electron tube. 
Bi, 6-volt battery. p, plate. 
2, 22.5 volt battery. J, filament. 
Rj, 0.6-ohm resistance. g , grid. 
Rog, 25-ohm resistance. R’, balancing resistance (about 1300 ohms). 


the successive mechanical balancing of a modified Wheatstone 
bridge after small changes in potential. 

A new type of continuous-reading potentiometric titration 
apparatus has been based on the use of the electron tube. 


14 Keeler, J. Ind. Eng. Chem., 14, 395 (1922); Power, 55, 768 (1922). Cf. also 
Rideal, Chemical Age (London), 5, 232 (1921). Cf. Furman, Chap. XIII, p. 860, 
Taylor’s ‘‘ Physical Chemistry,’’ D. Van Nostrand Co. 
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Goode !° was the first to devise such an arrangement for titra- 
tion purposes. His improved set-up is represented in Fig. 35. 

In effect, the apparatus acts as a simple voltmeter which 
draws almost no current from the titration cell. After the 
residual plate current has been balanced out by adjustment of 
R’, if the conditions have been properly chosen, the current of 
the galvanometer circuit is a linear function (within 1 per 
cent) of the potential difference which is developed between the 
electrodes of the titration cell. 

Calhane and Cushing !° were the first to apply an arrange- 
ment similar to that of Goode to a precipitation reaction, viz., 
the determination of. chloride in very dilute solution with silver 
nitrate. Treadwell !” has also applied a slightly modified appa- 
ratus of the same general nature to the precipitation of chloride 
with silver solution. He uses the electrode system which he 
devised (cf. § 2, and Fig. 31, p. 150). His arrangement differs 
from that of Goode in the following particulars: The galvan- 
ometer is replaced by a voltmeter; a Philips tube Type DI is 
used instead of the “ radiotron ” type UV 201 of Goode’s appa- 
ratus; a potential of 1.6 volts is introduced into the circuit in 
series between the negative (indicator) electrode of the titration 
cell, and the grid of the electron tube. 

Thus far, there has been no extensive application of the 
electron tube to potentiometric titrations. The direct-reading 
feature is made possible by the fact that the tube is essentially 
a potentiometer which draws virtually no current from the 
titration cell, nor under proper conditions can any current be 
supplied to the cell. In the words of Treadwell (loc. cit.): 
“ As long as the grid is negative toward the source of the elec- 
trons (filament) it is unable to take up electrons. The grid 
takes up only as much electricity as its small electrostatic capac- 
ity will permit at the applied potential... . The grid only influ- 
ences the anode current (plate current) by its electrostatic 
action.” 

18 Goode, J. Am. Chem. Soc., 44, 26 (1922). 


16 Calhane and Cushing, J. Ind. Eng. Chem., 15, 1118 (1923). 
17 Treadwell, Helv. Chim. Acta, 8, 89 (1925). 
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By making very minor changes, Treadwell also applies his 
electron-tube arrangement to conductometric titrations. 

Goode has described an improved hydrogen-ion meter.'% 
This device is in effect a continuous-reading potentiometer. It 
differs from the apparatus which is shown diagrammatically in 
Fig. 35 in that two additional electron tubes are used to amplify 
the current of the plate circuit about twenty-five fold. It is 
then possible to replace the galvanometer by a sensitive milli- 
ammeter. The scale of the milliammeter may be calibrated 


- + 


Fic. 36.—Simple monometallic system, balancing with slide wire. 


Rheo. rheostat. C. E., calomel electrode. 
Sl. W. slide wire. E. M. motor for stirring. 
Pt. E., indicator electrode. St., _ stirrer. 

S. B., salt bridge. Ge galvanometer. 


directly in terms of py units. Ingenious devices are provided 
for checking the calibration of the instrument, testing the 
performance of the individual electron tubes, etc. 

6. General Remarks on the Performance of Potentiometric 
Titrations.—One of the authors (Kolthoff) uses the arrangement 
illustrated in Fig. 36. By switching in the normal element 
(standard cell) NE and using the rheostat, Rheo, the E.M.F. 
from the accumulator can be adjusted at 2 volts. The sliding 
contact of the rotary bridge is put at a value 509.2, and the 


18 Goode, K. H., J. Am. Chem. Soc., 47, 2483 (1925). 
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resistance in Rheo is regulated until the system is balanced. 
Since the E.M.F. of the standard cell is 1.0184 volt, we have: 


509.2 
——__F = 1. = 2. 
1000 1.0184, or E=2 


The standard cell has a small internal resistance and is 
easily polarized. Therefore, care should be taken that it does 
not deliver too strong a current. Before the cell is switched 
in, the resistance must be so regulated that the system is almost 
balanced. In order to be sure that the value found in this way 
is correct, the measurement should be repeated at the end of 
the titration. After this period of rest, the standard cell will again 
have its normal value. 

The standard cell is switched out of the circuit, and the cell 
to be measured is introduced. Switches such as those described 
by W. M. Clark (‘The Determination of Hydrogen Ions ”’) 
have been found by the authors to be very convenient. 

The various wires must be provided with good insulating 
material (e.g., rubber, etc.). An open glass beaker may usually 
be employed as a titration vessel. When it is necessary to 
exclude air, the titration vessel is provided with a rubber stopper 
with five holes: one for the siphon from the calomel electrode; 
one for the burette tip; another for the stirrer; and the remaining 
two for the introduction and escape of a stream of indifferent 
gas. Cf. Hostetter and Roberts !® and W. T. Bovie 7° for other 
special vessels for this purpose. 

In many cases the potential does not become constant 
immediately after the addition of reagent. The establishment 
of equilibrium may be hastened by stirring, and sometimes by 
heating. Many oxidation-reduction reactions are slow in 
attaining the equilibrium-potential near the equivalence-point. 
Heating to 60°-80° is usually a good means of shortening the 
titration time. One of the authors (Kolthoff) usually employs 
a micro burner placed under the titration vessel for the heating. 


19 Ffostetter and Roberts, J. Am. Chem. Soc., 41, 1337 (1919). 
2” W. T. Bovie, J. Am, Chem. Soc., 44, 2892 (1922). 
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Stirring the liquid during the titration diminishes the polari- 
zation effect. A motor-driven glass stirrer is usually the most 
effective means of stirring. A rheostat for the regulation of the 
speed of stirring should be provided. Kolthoff has often 
observed, especially in humid weather, that the motor ionized 
the air after a certain period of use, and the galvanometer then 
made random deflections although it was not switched into the 
circuit. In such instances, it is recommended that the motor 
be stopped during the potential measurements. In many cases, 


Fic. 37.—Drop-burette (Miiller). 


it is sufficient to bubble an indifferent gas through the solution 
instead of using an electric motor. Carbonic acid may be used 
for titrations in acid medium, while nitrogen or hydrogen should 
be employed for alkaline solutions. 

The reagent is introduced by means of a burette. For very 
accurate measurements, a weight burette should be used; an 
ordinary burette will serve in most cases. The burette is 
placed in such a way that when it is opened the liquid runs 
directly into the titration vessel. In the titration of warm 
liquids, the burette must be connected to a long glass tube 
which ends in the titration vessel, so that the burette is pro- 
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tected against temperature change during the titration and the 
readings are reliable. In the neighborhood of the equivalence- 
point, the reagent must be added drop by drop, as was men- 
tioned in $1 of this chapter. Erich Miiller ?! has described 
several practical arrangements for measuring the drop volume, 
without danger of over-titrating while so doing. The drop 
volume is measured by taking 20-40 drops from the burette 
and reading the volume. 

As stated above, the siphon between the calomel electrode 
vessel and the calomel electrode is usually filled with a saturated 
potassium chloride solution. When either the liquid to be 
titrated or the reagent reacts with chloride, potassium sulphate 
or nitrate, or ammonium nitrate should be used in the siphon. 
The shape of the electrode depends upon the nature of the titra- 
tion. When metal electrodes are to be used, wires of pure 
metal may be taken, or the metal may be deposited on a Winkler 
gauze electrode. In the case of mercury, the latter method 
must be employed. For oxidation-reduction reactions, a bright 
platinum electrode should be used. A small platinum gauze 
(height about 1 cm.; diameter 3-5 mm.) is to be preferred to 
a small wire in most instances. Details regarding particular 
electrodes will be given in the section entitled ‘‘ Special Deter- 
minations.”’ 

After each addition of reagent, the measurement is made 
by pressing the key which switches the galvanometer into 
circuit. Jt is always necessary to repeat the measurement after 
stirring in order to be sure that the potential is constant. A further 
addition is not permissible until constancy is reached. Only in 
this way can accurate results be obtained. 


21 Erich Miiller, Die Elektrometrische Massanalyse, 2d Ed., p. 65; Z. Elektro- 
Chem., 30, 187 (1924). 
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CHAPTER IX 


PRECIPITATION AND COMPLEX-FORMATION REAC- 
TIONS, WITH METALLIC OR NON-METALLIC 
ELECTRODES 


1. The Silver Electrode.— 
nye 0.798 — Ex 
-, 0.0591 


E, is the E.M.F. of the unknown electrode as related to the 
normal hydrogen electrode. 

Electrode.—A piece of pure silver wire; a piece of silver 
melted into a capillary tube; or a platinum gauze electrode 
coated with silver electrolytically. 

Determination of Halides.—R. Behrend ! was the first to apply 
the silver electrode to the analytical titration of chloride, bromide, 
and iodide. He attained an accuracy of about 0.5 per cent. 
He also used the silver electrode for the separation of the differ- 
ent halides. His results will be discussed later. 

A special study of the titration curve of silver with chloride 
in the presence of large amounts of salts has been made by W. D. 
Treadwell.?. The salts change the shape of the curve to a marked 
degree, owing to complex-formation of the silver ions with the 
added salt. The end-point is found when an excess of silver 
is still present, at least when the reference electrode consists of 
a suspension of silver choride free from the salt (cf. p. 168). If, 
however, the reference electrode has the composition which the 


(At 25°C.) 


1R. Behrend, Z. physik. Chem., 11, 466 (1893). 
2.W. D. Treadwell, Helv. Chim. Acta, 2, 672 (1919). 
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solution to be titrated will have at the equivalence-point, no 
error will result because of the complex-formation, and the repres- 
sion of the dissociation (activity). 

If we determine the position of the end-point by the general 


method (ie, by the calculation of the maximum = ) the salt 
C 


error will usually be negligible, in the opinion of the authors. 
Let us assume that the salt BA, which is added, forms the com- 
plex BAAgt with the silver ions; then we may write: 
BA + Agt = BAAgt, 

and 

[BA][Ag*] 

[BAAg*] 
Keomp. is the complex constant. Since these complexes are not 
usually very stable, K will be rather large; the concentration 
of the salt added is also very large; therefore we may take BA 
in the equation as a constant. We then have: 


Pe K/. 


= Beet ; 


[BAAg*] 


From this equation we see that at each silver-ion concentra- 
tion a different part of the silver, but always the same relative 
part, is removed as complex ion. Hence the ratios of the silver- 
ion concentrations at different stages in the titration will be the 
same as those for the salt-free solution. Therefore the jump in 
potential will occur at the same place as in the salt-free solution. 
The complex-formation will cause an error of appreciable impor- 
tance only in the titration of very dilute solutions of silver con- 
taining a high salt concentration. 

An extended study of the titration of the halides with silver 
nitrate has been made by C. Liebich.? 


Chloride: Sarci = aDOuL 10m’ 


According to Liebich, the potential very rapidly assumes 
a constant value in the titration of chloride with silver nitrate. 


3C. Liebich, Die Potentiometrische Bestimmung von Chlor, Brom, und Jod. 
Dissertation, Dresden (1920). 
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The titration yields accurate results even at dilutions ot 0.001 N 
chloride. At greater dilutions good results are no longer 
obtained, partly because of the disturbing influence of the solu- 
bility of silver chloride. Addition of sulphuric acid to dilute 
solution has a favorable effect. The presence of an electrolyte 
such as barium nitrate or nitric acid is generally without influence 
on the result. 


Bromide: Sipne = 024 >< 1022. 


The potential is slow in assuming a constant value, especially 
in the vicinity of the equivalence-point. Hence, when the 
addition of silver nitrate is made too quickly, too much reagent 
is used (disadvantage of the Pinkhof system and its modifica- 
tions). Near the equivalence-point the potential is constant 
after about five minutes’ stirring. When Liebich titrated an 
0.002 N bromide solution rapidly, 0.7 per cent too much silver 
nitrate was required, whereas the error was 0.35 per cent in slow 
titration. Even a 0.0001 N bromide solution may be titrated with 
an accuracy of 1 per cent; the disadvantage is that the titration 
requires a long time. Addition of sulphuric acid to dilute solu- 
tions again has a favorable effect, whereas the presence of 
barium nitrate or nitric acid has a disturbing influence. 


Iodide: DApTel aeo 


Todide may be titrated at very great dilutions with silver 
nitrate. This was shown by Dutoit and von Weisse * and has 
been confirmed by Liebich. A disadvantage is that a long 
period of time elapses before the potential is constant, in the 


equivalence-point region. No sharp maximum value of a; an 
C 


be observed. The authors suppose that these defects are due 
to the strong adsorbing capacity of silver iodide for silver and 
iodide ions. According to Liebich, an improvement is made by 
the addition of sufficient barium nitrate (a concentration of 
about 5 per cent); the addition of sulphuric acid also has a 


4P. Dutoit and von Weisse, J. chim. phys., 9, 578 (1911). 
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favorable effect, but not as marked as that of the barium nitrate. 
In the titration of very dilute solutions it is necessary to wait a 
very long time before the potential is constant, even in the 
presence of barium nitrate; but under these conditions traces 
of iodide corresponding to a concentration of 10 parts per million 
can be determined with an accuracy of a few per cent. 

A pplication of the Miiller System (Cf. p. 150 ff.).—The applica- 
tion of the Miiller system is not to be recommended when accu- 
rate results are desired. As we have seen, the potential does 
not become constant very rapidly; also, salts influence the 
equivalence-potential. Erich Miiller > gives the following values 
for the “inflection potential’ measured against the normal 
calomel electrode. 


Chloride: Ex, 


+ 0.24 (calculated + 0.227) 
Bromide: Ep = + 0.18 (calculated + 0.157) 
Todide: Ex = — 0.04 (calculated + 0.047) 


Mixtures of Halides.—Several investigations of the titration 
of the halides, in presence of each other, with silver nitrate, have 
been published. R. Behrend ® developed a method for the 
titration of iodide in the presence of bromide. He stated that 
in neutral solutions part of the bromide was precipitated, together 
with the silver iodide; irregular potential values were observed. 
By the addition of a sufficient amount of ammonia he kept the 
bromide in solution and in this way determined only the iodide. 
After the first jump in potential was obtained he acidified the 
solution with nitric acid and titrated the bromide, or chloride. 
He did not succeed in titrating bromide in the presence of 
chloride. According to Dutoit and von Weisse ’ it is not neces- 
sary to use ammonia for the determination of iodide in the 
presence of bromide, at least when the concentration of the latter 
is no more than 50 times larger than the iodide concentration. 
Under other conditions the iodide may be precipitated as palla- 


5 Erich Miiller, Die Elektrometrische Massanalyse, p. 88 and ff. 
6 R. Behrend, Z. physik. Chem., 11, 466 (1893). 
7 Dutoit and von Weisse, J. chim. phys., 9, 578 (1911). 
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dium iodide, thallium iodide, or cuprous iodide. The authors 
wish to remark, however, that iodide can not be separated from 
bromide in the form of cuprous iodide, since cuprous bromide is 
also slightly soluble. The precipitation of iodide as silver iodide 
in the presence of bromide or chloride in neutral solutions gives 
good results only when the solution is vigorously stirred during 
the titration. 

Pinkhof § has confirmed the fact that iodide may be deter- 
mined as described by Dutoit and von Weisse. At a bromide 
concentration of 0.1 N, no silver bromide is precipitated as long 
as the iodide concentration is greater than 10-* N, correspond- 
ing to a silver-ion concentration of 10-!%._ Hence, Pinkhof, in 
his simple system, uses a reference electrode with the silver-ion 
concentration which is given by a suspension of silver bromide 
in 1 N potassium bromide. The end-point is observed at an 
iodide concentration of 10-4 N. From this it is evident that an 
accurate determination of a small amount of iodide in the pres- 
ence of a large excess of bromide is not possible by the above 
method. 

None of the investigators mentioned succeeded in titrating 
bromide in the presence of chloride in neutral solution. Follow- 
ing the lead of Behrend, Pinkhof tried to prevent the precipitation 
of silver chloride by the addition of ammonium carbonate. 
Silver chloride is completely soluble in 0.5 N ammonium carbon- 
ate, and silver bromide, which is precipitated from this solution, 
does not carry down silver chloride. The bromide is precipitated 
until the bromide concentration is as low as 3 X 10-4. There- 
fore, Pinkhof fixed the equivalence-potential at a bromide con- 
centration of 10-% N, with a silver-ion concentration of 6 X 10719, 
As a reference electrode he uses a suspension of silver chloride in 
0.2 N potassium chloride. A bromide-ion concentration of 10-3 N 
is added to the result. The accuracy of the titration is about 
1 per cent when the chloride concentration is no more than 10 
times the bromide concentration. For the authors’ objections 
to this system, cf. p. 151ff. 


8 Pinkhof, Over de Toepassing der Elektrometrische Titraties, Dissertation, 
Amsterdam (1919), p. 17. 
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C. Liebich (Joc. cit.; cf. also Schindler, Joc. cit.) was unable 
to determine iodide accurately in the presence of bromide. 
Even when he titrated very slowly, he found 2"to 4 per cent too 
much iodide. An improvement consisted in the addition of 
5 per cent of barium nitrate, whereupon accurate results were 
obtained. In the titration of iodide in the presence of chloride, 
about 5 per cent too much iodide, and too little chloride, is 
found. In the titration of bromide in the presence of chloride, 
about 8 to 10 per cent too much silver is used before the first 
jump in potential occurs. The errors are caused by the forma- 
tion of solid solutions of the various halides, as has been described 
by F. W. Kiister 9.and A. Thiel.!° According to Liebich, the 
addition of barium nitrate or alum seems to prevent the mixed 
halide precipitation, even in the case of silver bromide and 
chloride. The addition of the salts mentioned has the same 
effect as the addition of ammonium carbonate, which Pinkhof 
proposed. The accuracy, however, is never greater than 1 per 
cent; and when the ratio of Cl- to Br7 is larger than 1 : 10, 
good results are no longer obtained. When the ratio is 1 : 30 
the jump in potential no longer occurs. In the opinion of the 
authors, this is explained by the small ratio between the solu- 
bility products of silver chloride and silver bromide. It is a very 
peculiar fact that in the titration of mixed halides the potential 
becomes constant much sooner than in the determination of the 
individual halides. 

To summarize: Iodide may be determined in the presence 
of bromide or chloride or both, with silver nitrate, when the solu- 
tion contains about 5 per cent of barium nitrate. The accuracy 
is 0.5 to 1 per cent. 

Inaccurate results are obtained in the titration of bromide 
in the presence of chloride with silver nitrate. When the ratio 
Cl- to Br- is not greater than 10, approximate values are 
obtained for the bromide content when the solution is 0.5 N with 
respect to ammonium carbonate (Pinkhof) or when 5 per cent 


9F, W. Kiister, Z. anorg. Chem., 19, 81 (1899). 
10 A, Thiel, Z. anorg. Chem., 24, 1 (1900) 
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barium nitrate is present. The authors can not recommend the 
method for accurate determinations. 


Thiocyanate: Dasena == cu 10: ae, 


According to Behrend (loc. cit.) and Kolthoff’s experience, 
thiocyanate may be accurately titrated with silver nitrate, or 
the reverse. The error due to adsorption may be prevented by 
the addition of 1 per cent barium nitrate.'! According to 
Miiller, E,= + 0.108 volt (against normal calomel electrode; 
calculated 0.161 volt). Since silver bromide and silver thiocy- 
anate both have about the same solubility, they are precipitated 
together upon titration with silver. 

In the titration of thiocynate in the presence of chloride, we 
encounter the same difficulties as in the case of the chloride and 
bromide. Addition of barium nitrate improves the results. 

Ferrocyanide.'!2—Two jumps in potential are obtained, one 
at a point which corresponds to the formation of KAg;Fe(CN)6; 
the second to AgsFe(CN)>. The titration does not give accu- 


: : INES § 
rate results, since the maximum value of aa not sharply 
C 


defined. 
Cyanide: 
[Ag*][CD ee al 
Ag(CN)27| 


TAg(CN =' about 10-*!. 
2 [Ager ||Ac(CN)os| = 5 x 105% 


A 


oO 
fo) 


Cf. p. 101 on the theory of this titration. 

In the titration of a cyanide solution with silver nitrate, the 
cyanide first forms the complexion Ag(CN)2~. After the quanti- 
tative occurrence of this reaction there is a jump in the potential, 
after which the silver cyanide (this name will be used instead of 
silver silvercyanide, AgiAg(CN)2]) is precipitated. W. D. Tread- 
well !+ was the first to apply this reaction for the determination 

Cf. Erich Miiller, loc. cit., p. 111; Rudolph, Dissertation, Dresden (1922). 

2 Niemz, Potentiometrische Titrationen von Blei und Silber mit Ferrocyanka- 
lium, Dissertation, Dresden (1920). 


13 Bodlander and Lucasse, Z. anorg. Chem., 41, 192 (1904). 
144.W., D. Treadwell, Z. anorg. Chem., 71, 223 (1911). 
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of cyanide in the presence ot .errocyanide. Later, Erich Miiller 
and H. Lauterbach !° made a more extended study of this titra- 
tion. From their results the authors conclude that the first 
jump in potential occurs 0.5 to 1 per cent too early, or the second 
break too late by the same percentage. Miiller and Lauter- 
bach do not discuss this question; the authors wish to note that 
from an analytical point of view it is of great importance to 
know the absolute accuracy of this titration method. 

When the solution contains iodide, the first jump in potential 
occurs at the point where the complex ion is formed, after which 
silver iodide begins to be precipitated. After this precipitation 
is complete there is a second jump in potential, whereupon silver 
cyanide begins to be precipitated. At the completion of the 
iodide precipitation a third break in the potential occurs. From 
the results obtained by Miiller and Lauterbach, the authors 
conclude that the accuracy is not higher than 1 to 2 per cent. 
In the presence of bromide or chloride only two jumps in poten- 
tial are found, one at the end of the complex silver-cyanide-ion 
formation, the other at the completion of the precipitation of 
silver cyanide, bromide, and chloride. We should not expect 
a third break in the potential in this case, since the solubility 
product of silver cyanide is about the same as that of silver 
bromide. (Thiocyanate behaves in the same fashion as 
bromide.) 

From the foregoing it is evident that we have an easy means 
of making an analysis of a mixture of cyanide, iodide, and 
bromide (or chloride and thiocyanate). 

In a pure cyanide solution the amount of reagent which 
we require to reach the first jump in potential is the same as 
that from the first to the second break. In the presence of iodide, 
the amount of reagent added between the first and the second 
jump corresponds to the iodide content. (See Fig. 38.) 

In the presence of the other halogens, we have the following 
conditions: 


Used to reach the first jump in potential a cc. reagent. 


15 ff, Miiller and H. Lauterbach, Z. anorg. Chem., 121, 178 (1922). 
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Used from first to second jump in potential 0 cc. reagent. 
Used from second to third jump in potential c cc. reagent. 


Then we have: 


a corresponds to the cyanide content; 
b corresponds to the iodide content; 
(c-a) corresponds to the sum of Br, Cl, CNS. 


Ee 


a Ag2(CN)> 
OSS SS = SSeS SSS 


i 


5 10 15 20 25 30 
c.c,. Ag NO, 


Fic. 38.—Titration curve of cyanide. 


In order to accelerate the titration, Miiller and Lauterbach 
recommend the Miiller modification of the Pinkhof system. 
The equivalence-potentials are given in the following table. 


EQUIVALENCE-POTENTIALS AGAINST NORMAL CALOMEL ELECTRODE, 
ACCORDING TO MULLER AND LAUTERBACH 


Capea be Pa Second Jump Third Jump 
CN- alone —0.134 | +0.106Ag[Ag(CN),] 
(CN —0.32 —0.08(AgI) +0.21Ag[Ag(CN)>] 
CIN 1ehe= —0.214 | +0.20 
CNe eo Cla —0.18 +0.25 
© Niger ligg Br7 —0.33 —0.134(AgI) +0. 20 
GNey sie Clas »-—0.35 —0.107(AgI) +0. 23 
Oy Be GS —0.18 +0, 25 
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It should be recalled here that these values are not absolute 
values of the equivalence-potential, but depend upon the ratios 
of the substances to be titrated. In unknown cases the authors 


recommend the general method in which = is determined. 
C 


Practical Applications of the Cyanide Titration.—Determina- 
tion of Silver Halides in Photographic Films and Dry Emul- 
stons.'®—If we have silver iodide, for example, which we dissolve 
in an excess of potassium cyanide, the following reaction takes 


place. 
AgI + 2CN- = Ag(CN)e-+I1-. 


Now if we add silver nitrate to the solution the excess of cyanide 
is first transformed into the complex cyanide ion, whereupon 
a jump in the potential occurs; the silver iodide then begins to 
be precipitated. The amount of reagent that is used between 
the first and second potential jumps corresponds to the silver. 
iodide content. The advantage of this method is that we do 
not need to know the strength and the excess of the cyanide 
solution in which we dissolve the silver iodide. Nor do we need 
to know the strength of the cyanide solution in the determina- 
tion of silver chloride or bromide, although the silver cyanide is 
precipitated together with the other silver halides after the first 
potential break. 

During the titration with silver nitrate, the excess of free 
cyanide is first transformed into the complex Ag(CN)2~. After 
this point has been reached, a like amount of reagent is required 
to precipitate the complex ion as silver cyanide. The amount 
of silver nitrate required to precipitate the complex which is 
formed by the solution of the silver halide and the bromide is 
equal to twice the amount of silver bromide present: 


2CN- + AgBr = Ag(CN)2~ + Br-, 


since the solution contains equivalent amounts of complex and 
bromide ions. Hence, if the amount of silver nitrate used from 


16 Erich Miller (R. Hartmann and R. Troppisch) Die Photograph Industrie, 
Nos, 18 and 19 (1924). 
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the beginning up to the first potential jump is @ cc. 0.1.N, and 
if that used from the first to the second jump is ¢ cc. 0.1N, then 


ee ae millimoles. 
10 


the amount of AgBr is equal to 


If we have a mixture of silver iodide and silver bromide or 
chloride, there are three potential breaks upon titrating back 
with silver nitrate. If @ cc. are used to the first, 6 from the 
first to the second, and c from the second to the third, then 0 
corresponds to the amount of iodide present. Equivalent 


Ag (CN), 


Ag,(CN),+ Ag Br 


c.c. Ag NOg 


a a Ag Br x 2 


Fic. 39.—Titration curve of cyanide and bromide with silver nitrate. 


amounts of complex and iodide ions are formed upon solution 
of the silver iodide in the cyanide. We precipitate the complex 
together with the silver bromide. Hence the amount of silver 
bromide corresponds to: 
GW 
Ds 


Hence, in all of these instances, we do not need to know the 
strength of the cyanide solution. If the silver halides contain 
alkali halides as well, we may determine the latter at the same 
time; but in this case we must know the strength of the cyanide 
solution. 

If the ratio between silver iodide and bromide is not favor- 
able, it is not practicable to determine both in one sample of 
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material. If, for example, the amount of silver iodide is very 
small in comparison with the amount of silver bromide, there is 
but little reagent used between the first and second potential 
breaks, unless a large amount of the substance be taken for the 
determination. We should then need a very large amount of 
silver solution for the estimation of the bromide. Therefore, it 
is better to make two determinations: one with a large amount 
of substance in order to use sufficient silver nitrate for the accu- 
rate titration of the iodide; the other with a suitable amount 
of substance for the determination of the silver bromide. We 
encounter the conditions just mentioned in the titration of silver 
halides in films and dry emulsions (ratio AgI : AgBr, about 
(30): 

In this instance we have the difficulty that the gelatine, 
which also dissolves in the cyanide solution, has a disturbing 
influence on the jump in potential (complex silver-protein com- 


: AE 
pounds); therefore no sharp maximum value of ie can be 
C 


observed, and the titration does not give accurate results. In 
order to prevent, as far as possible, the solution of the gelatine, 
Erich Miiller recommends the extraction of the films by a cold 
cyanide solution with constant stirring (five to ten minutes) 
and filtration. But the extraction of the silver halides from 
dry emulsions is incomplete in this way. These emulsions must 
be shaken with water at 40°C. until the gelatine is dissolved; 
after cooling, an excess of cyanide is added. 

In order to diminish the disturbing action of the gelatine, 
the solution is strongly diluted and sodium carbonate (free from 
chloride) is added. From the data which Miiller gives, however, 


: AE . 
it may be concluded that the maximum value of ee not 


sharply pronounced and that accurate results are not obtained. 
Therefore the authors recommend that the gelatine be destroyed, 
although this procedure complicates the analysis. By heating 
the emulsion with sufficient dry sodium carbonate the gelatine 
is burned, and the residue contains the halides in water-soluble 
form. Either the halides may be extracted and titrated with 
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silver nitrate (cf. p. 164), or the silver carbonate may be dis- 
solved in acid and titrated, or the whole may be treated with 
an excess of cyanide. 

Application of the Cyanide Method to the Determination of 
Nickel.—An ammoniacal nickel solution reacts with cyanide to 
form a complex nickel cyanide ion: 


or 
Nit+ + 4CN- = Ni(CN)a4=. 


A number of years ago, Moore !” applied this reaction to the 
titration of nickel with cyanide, potassium iodide being used as 
indicator in the titration of the excess of cyanide with silver 
nitrate. As long as there is an excess of cyanide the solution 
remains clear. E. Miiller and H. Lauterbach !® adapted this 
method to potentiometric titration. An excess of potassium 
cyanide is added so that the nickel solution is colorless. The 
excess of cyanide is titrated with silver nitrate. A potential 
jump takes place when the free cyanide has been transformed 
into the complex silver cyanide. At this point the nickel is pres- 
ent as the complex Ni(CN)4>. If the total amount of cyanide 
added is known, and the excess has been determined in this 
manner, the nickel content may be calculated, since 1Ni is equiv- 
alent to 4CN. The authors conclude from the results of Miiller 
and Lauterbach that this method does not yield exact results. 
The jump in potential is very small in ammoniacal solution, and 
if the titration is made in neutral solution other difficulties 
occur. 

The modified Pinkhof system may be used by titrating to an 
inflection potential of —0.212 volt (against normal calomel 
electrode). In a recent publication E. Miiller and W. Schlut- 
tig !° observed that the silver electrode is a direct indicator for 
cyanide ions. They attempted to titrate a nickel solution 


17 Moore, Chem. News, 72, 92 (1895). 
18, Miiller and H. Lauterbach, Z. analyt. Chem., 61, 457 (1922). 
19 F. Miiller and W. Schluttig, Z. anorg. Chem., 184, 327 (1924). 
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directly with a standardized potassium cyanide solution. The 
following are the reactions: 


Nit++ + 2CN- 2 Ni(CN)s, 
Ni(CN)2 + 2CN- 2 Ni(CN)4-. 


They only found a break in potential at the point that corre- 
sponds to the complex ion; the end-point was found too soon 
(error about 7 per cent). This error is due to the precipitation 
of nickel cyanide which reacts slowly with the excess of cyanide. 
This error may be avoided by titrating very rapidly and by 
opposing an inflection-potential of —0.253 volt to that of the cell 
(against normal calomel electrode). The titration may be 
finished in about two minutes; constant and effective stirring 
is necessary. ‘There is great danger of over-titrating. In prin- 
ciple, it is better to apply the reverse titration, i.e., to add the 
nickel solution to a known amount of cyanide. In this case 
there is no danger of precipitating nickel cyanide. Inflection 
potential —0.15 to —0.17 volt. 

Application of the Cyanide Method to the Determination of 
Cobalt.—With cyanide, cobalt forms Co(CN)2 which dissolves 
in an excess of cyanide to form Co(CN)s=. If, however, an 
excess of cyanide is added to a cobalt solution and titrated back 
with silver nitrate, the potential break occurs at a point cor- 
responding to Co(CN)5-.2° E. Miiller and H. Lauterbach ?1 
have studied this potentiometric titration. In the absence of 
ammonia the method gives accurate results; the inflection- 
potential lies at — 0.29 to — 0.30 volt (against normal calomel 
electrode). E. Miiller and W. Schluttig ?? tried the direct 
titration, using the silver electrode as indicator. They met the 
difficulty that the complex cobalt cyanide ion was rapidly 
oxidized to the cobalti- form by the oxygen of the air. It was 
therefore necessary to work in a hydrogen atmosphere. For 
various reasons, which will not be discussed here, inaccurate 

20 Rupp and Pfenning, Chem. Ztg., 34, 322 (1910); I’. Edelmann, Dissertation, 
Dresden (1915). 


21 &, Miiller and H. Lauterbach, Z. analyt. Chem., 62, 23 (1923). 
22%, Miiller and W. Schluttig, Z. anorg. Chem., 184, 327 (1924). 
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results were obtained in the direct titration of cobalt with 
: eS mets Pegs 

cyanide. In the reverse titration two maxima in “Ae ore found 
C 


very close together. The first corresponds to the formation of 
the complex Co(CN)5=, the second to Co(CN)4=: 


ACo(CN)5= + Cot+ 2 5Co(CN)a=. 


In the absence of air the first jump is very sharp and an 
accurate determination is obtained by working in a hydrogen 
atmosphere. Twenty-five cubic centimeters of 0.1 N potassium 
cyanide solution are diluted to 100 cc.; a silver electrode is 
immersed in the solution, hydrogen is passed through, and the 
solution is stirred. The titration is carried to an inflection- 
potential of —0.49 (against normal calomel electrode). 1CN cor- 
responds to $Co. 

Application of the Cyanide Method to the Determination of 
Zinc.—Zinc cyanide is soluble in an excess of potassium cyanide 
with the formation of the complex Zn(CN)4~ ion. E. Miiller 
and Adam ?* add a known excess of cyanide to a neutral zinc 
solution, and titrate the excess with silver nitrate, using a silver 
wire as indicator electrode. There is no break in potential at the 
point where the zinc is transformed into complex ion, because 
the stability of this complex is very small. The zinc complex 
reacts with more silver nitrate to form zinc cyanide and the 
complex silver cyanide: 


Zn CNoa= SF Agt = Ag(CN)2~ = Zn(CN)s. 


There is a rather distinct potential jump when all of the zinc 
cyanide has been precipitated. Inflection-potential —0.185 
volt (against normal calomel electrode). On continued addition 
of silver nitrate there is a second marked change in potential when 
all of the silver complex is precipitated. The zinc content may 
be calculated from the amounts of reagent corresponding to these 
two points. It is not necessary to know the strength of the 
cyanide if that of the silver nitrate is known. 1CN corresponds 


23. Miller and Adam, Z, Elektrochem., 29, 49 (1923). 
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to 7Zn. One of the authors (Kolthoff) obtained good results 
when the concentration of zinc was larger than 0.005 molar. 
The error was —0.2 to —0.75 per cent zinc. In more dilute solu- 
tions the error was greatly increased because of the hydrolysis of 
the zinc cyanide. Cadmium, lead, and copper have a disturb- 
ing action. It is possible, however, to determine silver and zinc 
successively when they are present in the same solution. 

Phosphate and Arsenate-—Neither Pinkhof (Joc. cit., 1919) nor 
W. D. Treadwell and L. Weiss 24 succeeded in the potentiometric 
titration of phosphate and arsenate with silver nitrate. In the 
opinion of the authors, the difficulty lies in keeping the hydrogen- 
ion concentration low enough to keep the solubility of the silver 
precipitate low. They suggest that the addition of a suitable 
buffer, possibly sodium bicarbonate, will have a favorable effect. 

Sulphide.—P. Dutoit and von Weisse ”° applied their polar- 
ized system to the potentiometric titration of silver with sul- 
phide, and the reverse. From their data it may be concluded that 
the determination gives very unsatisfactory results; errors of 10 
per cent or more occur. In very dilute solution, three times as 
much as the calculated amount of sulphide was needed before 
the jump on potential was found. The errors are probably due 
mainly to the polarized system. Treadwell and Weiss (Joc. cit.) 
were successful in the determination of hydrogen sulphide in 
a dilute solution with silver nitrate. As a reference electrode 
they used silver in contact with silver sulphide suspended in 
dilute sodium nitrate. 

H. H. Willard and F. Fenwick ?° used the bimetallic electrode 
system (cf. p. 153); ammoniacal silver nitrate was used as a 
reagent (0.05 N silver nitrate containing 30 cc. of 28 per cent 
ammonia per liter). Accurate results were obtained. Willard 
and Fenwick investigated the influence of the more common 
impurities in alkali sulphide. Chloride, sulphite, and sulphate 
did not interfere with the sharpness of the end-point, although 
in all of these cases slightly less than the theoretical amount of 


24. W.D. Treadwell and L. Weiss, Helv. Chim. Acta., 2, 680 (1919). 
25 P, Dutoit and von Weisse, J. chim. phys., 9, 630 (1911). 
26 Willard and Fenwick, J. Am. Chem. Soc., 45, 645 (1923). 
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reagent was required. The error was greatest in the presence of 
chloride. Thiosulphate rendered the potential change less 
distinct, but did not seriously affect the clarity of the end-point. 
The thiosulphate caused a slight decrease in the amount of 
reagent required (0.07 cc. of 0.05 N silver nitrate). In poly- 
sulphides, only the normal sulphide is titrated with silver nitrate. 
The method was also applied to the determination of sulphur 
in steel. 

In the authors’ opinion,?’ the titration of sulphide with silver 
nitrate gives good results, especially when the sulphide solution 
is more concentrated than 0.02 N. The potential is constant 
very soon after the addition of the reagent; therefore the simple 
Miiller method may be advantageously applied. Inflection- 
potential, according to Kolthoff and Verzijl, — 0.400 volt (normal 
calomel cell). Erroneous results were obtained in the titration 
of very dilute solutions; too little reagent is used at the poten- 
tial break. In the titration of 0.0001N sulphide solutions, the 
error was 8 to 10 per cent. (In this case the titration with 
mercuric chloride is better. Cf. p. 191.) 

Thiosulphate—There are two jumps of potential in the 
titration of thiosulphate with silver nitrate, according to Erich 
Miiller.?8 

The first, at the completion of the reaction: 


5203= + Agt = AgS203-, 


is very small. The second is larger and is found at the comple- 
tion of the precipitation of silver thiosulphate: 


S203 = + 2Agr <= AgeS203. 


: : E 
This second maximum value of - occurs too late, because of 
C 
the decomposition’ of the silver thiosulphate: 


AgeS203 + H20 @ AgeS + HeSO.. 


271. M. Kolthoff and E. J. A. Verzijl, Rec. trav. chim., 42, 1055 (1923). 
8 Erich Miiller, Z. anorg. Chem., 184, 201 (1924). 
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This decomposition can be observed after the complex has 
been formed. A greater amount of silver nitrate gives brown 
silver sulphide. The latter has a strong absorbing capacity, 
which causes the error. The enormous effect of temperature is 
noteworthy. If the titration is carried out at 18° C., the second 
maximum occurs 11 per cent too late; but at 0° C. it appears 
at the theoretical point. In the reverse titration the dark- 
colored silver sulphide is formed at the start of the titration. 
The addition of a sufficient amount of sodium acetate obviates 
this difficulty, and the titration gives a sharp end-point at all 
temperatures. The titration may be performed especially rap- 
idly at 70°-80° C. _In the authors’ opinion, this thiosulphate 
titration is of more theoretical than practical significance. 

Titration of Silver.—Any of the various anions that may be 
titrated with silver nitrate might be used for the determination 
of silver. We are limited in our choice, however, as the reagent 
must be stable, and must give a sharp and accurate end-point. 
Sulphide and cyanide can not be recommended as reagents 
because their solutions deteriorate rapidly; in special instances 
they may be of service. Of the halides, iodide and bromide do 
not give accurate results in the more concentrated solutions. 


The maximum value of = is not very pronounced, probably 


because of the strong adsorbing power of the silver halides. 
Addition of barium nitrate improves the determinations. 
Potassium or sodium chloride gives the best results as reagent 
for the more concentrated silver solutions. Inflection-potential, 
about + 0.25 volt (normal calomel electrode). 

F. Fenwick ?° uses the bimetallic electrode system, consisting 
of two fine thermocouple wires (wound in a loose spiral) polar- 
ized with current at 0.5 volt through an external resistance of 
100,000 ohms. According to her experience, the break at the 
end-point decreases in magnitude as the solubility of the silver 
salt increases, and is therefore poorest in the titration of chloride. 

29 Florence Fenwick, The Theory and Application of Bimetallic Electrode 


Systems in Electrometric Analysis, Dissertation, Ann Arbor, Mich. (1923), p. 60. 
(Cf. § 4, Chapter VIII, p. 153.) 
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The end-point is a slight rise followed by a slow fall in potential 
difference between the two electrodes. ‘‘ The change is not as 
abrupt as in many cases, but is perfectly distinguishable, espe- 
cially after a little practice. Due to the very weak oxidizing 
potential of the solution to be titrated, the initial voltage is 
high and there is little change up to the immediate vicinity of the 
end-point. The electrodes should not be cleaned between titra- 
tions, as the inversion point increases in clarity with the first few 
successive titrations.”” The titration of silver with chloride, or 
the reverse, may be made with an accuracy of 0.1 per cent. 

It is of theoretical importance to note that the ordinary titra- 
tion of silver with chloride or other anions need not be carried 
out with a silver electrode, as the jump in potential also occurs 
if a platinum, palladium, gold, or mercury electrode is used.*° 
The potentials are more noble than those of the silver electrode. 
Probably the noble metals are covered electrolytically with a 
thin layer of metallic silver. 

The authors recommend the silver electrode for practical 
use. 

According to W. D. Treadwell, S. Janett, and W. Blumen- 
thal,3! protective colloids, such as starch, gum arabic, and other 
colloidal carbohydrates, decrease the sharpness of the jump 
in potential, since they apparently increase the solubility 
of the silver halide. Fortunately, however, they have not much 
influence on the accuracy of the titration. This is no longer 
the case when proteins are present. These substances may 
combine with silver ions to form complex ions or “ adsorption 
compounds.” 32, Under unfavorable conditions the colloidal 
matter must be destroyed before the silver titration can be 
carried out. 

The potentiometric method is of great importance in the 
investigation of the state of silver in the colloidal silver prepara- 

30 Erich Miiller, Z. Elektrochem., 30, 419 (1924). 

31 W. D. Treadwell, S. Janett, and W. Blumenthal, Helv. Chim. Acta, 6, 513 

1923). 
32 A R6hmann and L. Hirschstein, Beitr. Chem. physiol. pathol., 3, 288 (1903); 


G. Galeotti, Z. physiol. Chem., 42, 330 (1904); F. Liebert, Chem. Weekblad, 21, 
167 (1924); I. M. Kolthoff and O. Tomicek, Chem. Weekblad, 21, 106 (19 24). 
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tions which are used in medicine. There are at present more 
than two hundred of these preparations, in which the silver-ion 
concentration may be determined by potentiometric measure- 
ment.*3 According to Treadwell, Janett, and Blumenthal 
(Joc. cit.), the iogenic silver may be determined by potentiometric 
titration, but they do not give the experimental details. I. M. 
Kolthoff and O. Tomicek ? made an extensive study of the 
titration of silver in protargol (argenti proteinatum) and col- 
largol (colloid silver; argentum Crédé). All of the silver of 
protargol may be transformed into silver halide by treatment 
with halide solutions. The silver halides that are formed remain 
in collodial solution. because of the presence of protective col- 
loids, so that one has the impression that no action has taken 
place. We may conclude from the change in potential, however, 
that the silver halides are formed. The best results are obtained 
by titration of the acidified protargol solution with iodide. In 
this instance two jumps in the potential are found, one after the 
transformation of all of the silver proteinate into silver iodide: 


AgProt. + I- = AglI + Prot.=, 


and the other after the transformation of the silver chloride, 
which occurs in all commercial preparations, into silver iodide: 


AgCl + I- 2 Agl + Cl-. 


Hence it is pussible, by one simple titration, to determine both 
the total silver content and the amount that is present as silver 
chloride. 

In the following table the authors give an example in which 
a solution of 0.5g. protargol in 100 cc. water and 10 cc. 4 N sul- 
phuric acid was titrated with 0.01N KI. 


33 Th. Paul, Z. Elektrochem., 18, 521 (1912); H. Seller and W. Thiessenhusen, 
Z. angew. Chem., 37, 837, 855 (1924). 

37. M. Kolthoff and O. Tomicek, Rec. trav. Chem. 44, 103 (1925); cf. also 
Kolthoff, J. Am. Pharm. Assoc., 14, 183 (1925); R. B. Smith and P. M. Giesy, J. Am. 
Pharm. Assoc., 14, 10 (1925), 


184 PRECIPITATION AND COMPLEX-FORMATION REACTIONS 


Cane E (vs. N-calomel AE 
Centimeters of ss 
electrode) Ac 
Reagent 
0) 0.372 
20 0.346 
29 0.296 
30 0.290 
31 0.278 
32 0.258 oe , ; 

36 (First maximum: 
eS ae 36 AgProt > Agl) 
33.0 0.222 i 8 e 
34 0.218 32 
36 0.154 
36.6 ~0.036 oT Gao 42) 
37 —0.094 74 
38 —0.118 
40 —0.142 


First maximum: 32.75 cc. 0.01 NI~, corresponding to 7.08 per cent silver 
proteinate (present 7.08 per cent). 

Second maximum: (36.6 — 32.75) 3.85 cc. 0.01 N I~ corresponding to 0.83 per 
cent silver chloride (present 0.79 per cent). 

The maxima are less pronounced in neutral solution. 


Determination of Formaldehyde.—The potentiometric silver 
titration may be applied to the determination of formaldehyde. 
Erich Miiller °° adds an excess of silver nitrate and sodium 
carbonate to the solution to be titrated, and, after waiting five 
minutes, titrates back with potassium chloride: 


HCOH + 2Agt+ + H2O — HCOOH + 2H+ + 2Ag. 


This method is not at present of much practical importance. 
The direct titration of formaldehyde with silver solution was 
not found possible. 


2. The Mercury Electrode. 


% Erich Miiller, and W. Low, Z. analyt. Chem., 64, 297 (1924). 


THE MERCURY ELECTRODE 185 


Electrode.—Platinum gauze, electrolytically coated with 
mercury. After a period of use, the electrode must be coated 
anew with mercury. 

General Remarks.—When a solution containing mercurous 
and mercuric ions is in contact with mercury, an equilibrium is 
established, as represented by the equation: 


Hepes iiss. 


The mercuric ions are reduced; in the above equation we may 
regard the concentration of mercury as constant, and write the 
Mass Law expression: 

[ogee] 


(Hg**] = 


According to Ogg,?® K is equal to 235. In agreement with 
this value, Abel 3” found 235.5. 

The following conclusions may be drawn: 

(a) A mercurous salt solution can never be made quite free 
of mercuric ions by treatment with mercury, since 235 of the 
mercury will remain in the mercuric form. 

(b) When a mercuric solution is in contact with a mercury 
electrode, reduction will take place until the ratio between the 
mercuric and mercurous ions is equal to 235. From the data 
given in the literature we may calculate that a mercuric chloride 
solution will be practically completely reduced to calomel by 
treatment with mercury. Since the mercury electrode has a 
small surface, the reaction is slow, and therefore it might be 
possible to titrate a chloride solution with a mercuric salt (cf. 
below). The difficulty is not caused by the reduction, which 
has no effect on the analytical accuracy: 


HgCle + Hg Zee HgeCle. 


From the analytical point of view, the form in which the 
transformed chloride is present is indifferent, since the same 
amount of reagent is used in either case. 


36 Ogg, Z. physik. Chem., 27, 285 (1898). 
37 Abel, Z. anorg. Chem., 26, 376 (1901). 
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A practical objection to such titrations might be that, owing 
to the electrode reactions, the potential will be variable. 

Reagents: 

Mercurous Solutions: (a) Mercurous Nitrate.—0.1 N solution; 
salt dissolved with the aid of a little nitric acid; may be kept for 
a long time. 

(b) Mercurous Perchlorate—According to F. Fenwick 3° this 
salt may be readily obtained in a pure state; it is stable and does 
not give a precipitate on dilution. The 0.1 N solution is made 
by dissolving 10.83 g. of pure mercuric oxide in 10 g. perchloric 
acid, heating over metallic mercury, and diluting to 1 liter. 

Mercuric Solutions: Mercuric Nitrate—Commercial C. P. 
preparations are dissolved in water with the aid of a little nitric 
acid. 

Mercuric Perchlorate.—This salt may be obtained in a pure, 
crystallized water-soluble form, which gives no precipitate of 
basic salt. A solution of the salt may be obtained by shaking 
a small excess of mercuric oxide with perchloric acid solution, 
until the liquid is saturated with the oxide. After filtration the 
solution is diluted to the proper volume.?® 

Mercuric Chloride—As we shall see later, it is sometimes 
advantageous to use mercuric chloride as a reagent, although 
it is slightly dissociated. The pure salt is readily obtained by 
recrystallization from water. 

Halides.—R. Behrend 4° was the first to apply the mercury 
electrode to the titration of halides. In agreement with his 
statements, W. D. Treadwell and L. Weiss,*! and I. M. Kolthoff 
and E. J. A. Verzijl 42 found that chloride and bromide can be 
titrated accurately with mercurous nitrate as a reagent. 


Sue,Ch, 5 [Hes =|[Cl—|2 = $.S§ x NOs 
Sug,Bry 5 [Hg2++][Br-|? = 1.3) XX 10-71, 


38 F, Fenwick, Dissertation, Ann Arbor, Mich., 1922, p. 79. 

391. M. Kolthoff, Die Konduktometrischen Titrationen, Dresden (1923), p. 65. 
40 R. Behrend, Z. physik. Chem., 11, 466 (1893). 

4LW. D. Treadwell and L. Weiss, Helv. Chim. Acta, 2, 691 (1919). 

421, M. Kolthoff and E. J. A. Verzijl, Rec. trav. chim., 42, 1056 (1923). 
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Erich Miiller and H. Aarflot 42 prefer the use of mercurous 
perchlorate, and titrate to an inflection-potential of + 0.32, or 
for bromide to + 0.29 volt (against normal calomel electrode). 
According to their findings, chloride may be titrated with mer- 
curic perchlorate; inflection-potential, + 0.41 volt. The titra- 
tion of a mixture of mercurous and mercuric mercury with 
chloride did not give two separate jumps in potential. 

It is not possible to make a separate titration of bromide 
in the presence of chloride with mercurous salt as reagent. The 
titration curve of iodide with mercurous salt is very peculiar. 
The solubility product is: 


[Heot+][I-]2 = 1.2 x 10-28: 


hence we should expect a sharp rise in the potential at the equiva- 
lence-point. In the titration of iodide with mercurous perchlorate, 
Miiller and Aarflot found that too little reagent was required, 
the error being 0.5 to 2 per cent. The yellow mercurous iodide 
is decomposed in the beginning of the titration: 


Hgot* = He = He = 


The reaction to the right is especially favored by the presence 
of an excess of iodide ions, which form the stable complex 
Hgl4=. Upon proceeding with the titration, however, the iodide 
ions disappear, and the reaction is reversed, and proceeds to the 
left. 

The reverse titration of mercurous salt with iodide gives 
more accurate results; inflection-potential, about +0.17 volt 
(against normal calomel electrode). 

A very accurate titration of iodide may be carried out, 
according to Kolthoff and Verzijl (Joc. cit.), by using mercuric 

AE 


chloride as reagent. The position of the maximum value of 


may be detected with an accuracy of 0.1 per cent. From the 
shape of the titration curve it is evident that complex ions are 
formed before the end-point, where all of the iodide is trans- 


43 Erich Miiller and H. Aarflot, Rec. trav. chim., 48, 874 (1924). 
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formed into mercuric iodide. The stability of the complex 
HglI4= is not large enough to give a pronounced break in poten- 
tial at the point of quantitative formation of this complex. 
Even very dilute solutions can be rapidly and accurately 
analyzed by potentiometric titration. One hundred and twenty- 
five cubic centimeters of 0.0002 N KI (containing 25 parts iodide 
per million) could be titrated with an accuracy of 1 per cent. 


125 cc. 0.0002 N KI wire 0.001 N HgCh 


Cubic AE 
Centimeters of 135 — 

Reagent Me 

24.03 0.074 

24.23 0.080 20 

24.43 0.084 40 

24.63 0.092 50 

2ei8S awe 60 maximum 

2503 0.114 50 

DS IN) 0.124 40 

25.43 0.132 


Inflection-potential, + 0.112 volt (against normal calomel elec- 
trode), regardless of the dilution. 

A titration may be finished in one minute’s time by using 
the Miiller system. The interference of chlorides is but slight; 
that of bromides is of more importance. In a mixture that 
contains equal quantities of iodide and bromide, the accuracy 
of the iodide titration is 0.5 per cent. 


Thiocyanate: 
Sue,(CNS), =s fit x 10-20, 


From the start of the titration, the mercurous thiocyanate 
decomposes into mercury and mercuric thiocyanate. This 
reaction has no influence on the position of the break in poten- 
tial. Yet the accuracy of the determination of thiocyanate 
with mercury is not very great, as may be concluded from 
the paper of Miiller and Aarflot (Joc. cit.). The error, which is 
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probably due to adsorption, is about 1 per cent. Better results 
are obtained in the reverse titration, i.e., mercurous salt with 
thiocyanate. Inflection potential, + 0.25 (Miiller and Aar- 
flot). 

According to Kolthoff and Verzijl (Joc. cit.), the titration of 
thiocyanate with mercuric perchlorate or nitrate gives very 
accurate results. This statement has been confirmed by R. 
Miiller and O. Benda.*# 

A pplication of the Thiocyanate Titration to the Determination 
of Zinc.—Kolthoff and Verzijl (unpublished investigation) 
applied the thiocyanate titration to the determination of zinc. 
Zinc forms a slightly soluble double salt with potassium mercuric 
thiocyanate, K2Hg(CNS)s. A method for the determination 
of zinc has been based on this reaction.45 The reagent is 
obtained by adding 4 moles of potassium thiocyanate to 1 mole 
of mercuric nitrate. A more stable solution is prepared by 
dissolving 14.4 g. KCNS ina little water, and dissolving 23.7 g. 
mercuric thiocyanate in this concentrated solution (warming 
a little to accelerate the speed of solution); the solution is diluted 
to 1 liter, and standardized against a mercuric salt solution. 

The Zinc Titration.—An excess of the reagent is added to 
a measured quantity of the zinc solution, and the solution is 
diluted to 100 cc. The excess of the reagent is determined in an 
aliquot portion of the filtrate, with a mercuric salt. Sulphuric 
and nitric acids have no influence on the result; hydrochloric 
acid and chlorides interfere. According to E. Monasch,*® 
ferrous, manganous, nickel, cobalt, and chromic ions have a 
disturbing influence on the zinc determination. 

Ferrocyanide.—Ferricyanide.—F¥. Fenwick applied the bi- 
metallic system to these determinations. She remarks: 47 
“‘ A very brief investigation was made of the possibility of titra- 
ting ferro- and ferricyanide with mercurous solution. The end- 


44. R. Miiller and O. Benda, Z. anorg. Chem., 184, 102 (1924). 

45 Cohn, Ber. 34, 3502 (1902); de Koninck and Grandy, Chem. Zentr. 78, 
II, 822 (1902); Kolthoff and van Dijk, Pharm. Weekblad, 58, 549 (1921). 

46 —. Monasch, Pharm. Weekblad, 58, 1652 (1921). 

47 F, Fenwick, Dissertation, Ann Arbor, Mich, (1922), p, 79. 
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point was not particularly sharp in either case, but both titra- 
tions were possible. The ferrocyanide titration seemed the more 
favorable for development.” 

Cyanide——In the titration of cyanide with mercurous per- 
chlorate, a quantitative decomposition of the mercurous cyanide 


takes place: 


The titration does not give good results, possibly because of the 
escape of hydrogen cyanide. The reverse titration (mercury 
with cyanide) is successful (Miiller and Aarflot, loc. cit.). Inflec- 
tion-potential, + 0.236 volt. 

Kolthoff and Verzijl (Joc. cit.) titrated cyanide with a mer- 
curic salt. Although the jump in potential is greater with 
mercuric perchlorate or nitrate, they preferred the chloride, 
which does not cause any volatilization of hydrogen cyanide. 
The results are accurate (0.2 per cent), and the potential becomes 
constant very rapidly after the addition of reagent. The change 
in potential near the equivalence-point is presented in the follow- 
ing table. 


TITRATION OF 25cc., Approx. 0.1 NKCN wirx 0.1 N HgCl, 


Cubic AE 

Centimeters of Ee == 
Reagent oe 

23 —0.202 

DS) WP? —0.192 

23.18 —0.186 

23K —0.171 

23.44 —0.145 ve 

PRM —0.115 a a 

9358 0.00 ee maximum 

PS COM 0.031 500 

23.64 0.046 ‘ 


It may be concluded from the whole titration curve that 
several complex ions are formed. The _ inflection-potential 
(against normal calomel electrode) is just at 0.00 volt. Hence 
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the titration may be carried out very simply by using the 
Pinkhof system and titrating until the galvanometer or capillary 
electrometer gives no deflection, or reverses its deflection. In 
this way Kolthoff and Verzijl obtained accurate results in a very 
short time. 

When both iodide and cyanide are present, only one jump 
in potential is obtained. It occurs after both iodide and cyanide 
have been transformed into mercuric salts. 

Sulphide.—Pinkhof 48 (vide infra) used the mercury electrode 
for the determination of various metals as sulphides. He 
titrated mercury in a solution which contained a small excess 
of potassium iodide, and his results had a constant 2 per cent 
error which he attributed to adsorption. 

Kolthoff and Verzijl (Joc. cit.) obtained good results in the 
titration of sulphide with mercuric chloride when the solution 
contained an excess of sodium hydroxide. In this case the poten- 
tial becomes constant soon after the addition of reagent; this 
is not the case when no hydroxide is added. The maximum 
is sharply defined, and the Miiller system may be advantageously 
applied; inflection-potential, —0.200 volt (against normal cal- 
omel electrode). They found that salts had a slight effect 
upon the result, just as Willard and Fenwick found in the titra- 
tion with silver nitrate. The effect of salts is shown in the 
following table: 


TITRATION OF SULPHIDE 


Used cc. 0.1 N 
are ‘ Error, 
Addition Mercuric Bae Coat 
Chloride 
15.90 —0.3 
5 cc. 4 N NaOH 15.95 
5 cc. 4 N NaOH 1 g. NaCl 15.95 
1g. KNO; 15.95 
1 g. NaSO4-10H2O 15.80 —1.0 
1 g. NazSO;-7H2O 15.70 —1.6 


48 Pinkhof, Dissertation, Amsterdam (1919), p. 26. 
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Bivalent ions have the greatest influence on the result. The 
error is the same in a neutral medium. The titration of sulphide 
with mercuric chloride is advantageous in very dilute solutions. 
The titration with silver nitrate does not give reliable results in 
this case (cf. pp. 179-180), although the jump in potential is 
greater in the latter case. A 0.001 N sulphide solution (contain- 
ing 16 parts of S per million) was titrated with an accuracy 
of 2 to 3 per cent. 

Application of the Mercury Electrode as an Indicator for 
Sulphide Ions.—Pinkhof (Joc. cit.) used 5 cc. of metallic mercury 
as an indicator for mercuric mercury. Mercuric ions are sent 
into solution and react with sulphide ions: 


Hgt*t + $= = Hgs, 
[Hgt+][S=] = Sues, 


[Hgt*] = ae 
[S=] 
Therefore, the mercuric-ion concentration of the solution and 
the potential of the electrode depend upon the sulphide-ion 
concentration of the solution. The electrode, therefore, behaves 
as a sulphide electrode. 

Pure sodium sulphide for reagent purposes may be prepared 
according to Béttger’s directions: 49 Strong alcohol (200 cc.) 
is added to a solution of 50 g. sodium hydroxide in 50 cc. water. 
After filtration through asbestos, half of the filtrate is saturated 
with hydrogen sulphide. The rest of the filtrate is added, and 
sodium sulphide is precipitated. It may be redissolved by 
warming to 90°, whereupon slow cooling causes the separation 
of prismatic crystals of the sulphide, which are collected by suc- 
tion and washed with alcohol. Pinkhof recommends that the 
crystals be preserved under alcohol; in this way they may be 
kept for six months without decomposition. He found the 
composition to be NasS:5H20° Kolthoff found them to be 
NaeS:9H20. 

Pinkhof, using his simple system, titrated the various metals 


49 Béttger, Ann. d. Chem., 228, 335 (1884). 
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with the sulphide. Inaccurate results were obtained, probably 
because of adsorption. When air is excluded by means of a 
current of carbon dioxide, the error is decreased, but it is still 
appreciable. Hence, the authors can not recommend this 
method for accurate analyses. 

As™ and Sb™ are only precipitated in strongly acid solution 
(2 — 4N HCl). Inflection-potential, — 0.200 volt (against nor- 
mal calomel cell). Reference electrode, Ag in 1.5 N KBr. Error 
in air, 10-12 per cent; in carbon dioxide, 4-5 per cent. As’, 
Sb”, and Sn” require an excess of sulphide for complete pre- 
cipitation, whereupon hydrogen sulphide escapes.®° Sn" can 
not be titrated because it reduces all of the dissolved mercury 
ions to the metallic form. Silver ions are reduced by the mer- 
cury and can not be titrated. Mercuric ions are reduced to 
mercurous ions. This can be prevented by the addition of 
a small excess of potassium iodide. The titration may be per- 
formed in a bicarbonate medium with a carbon dioxide atmos- 
phere; inflection-potential, — 0.300 volt (against normal calomel 
electrode). Compensation electrode, Ag in 0.01 N KI. The 
error is 2 per cent and increases with dilution of the mercuric 
solution. In 0.01 N solution it is 10 per cent. Interfering metals 
are removed by the addition of sodium carbonate to the solution, 
which contains an excess of iodide. The filtrate contains the 
mercuric salt. 

Lead may be titrated in 0.1 N nitric acid solution. Inflec- 
tion-potential, — 0.200 volt; compensation electrode, Ag in 
1.5N KBr. Error 1-2 per cent (in 0.1 N solution). In the pres- 
ence of Sn’” and Sb’, the solution is made alkaline after the addi- 
tion of an excess of Rochelle salt, whereby the lead is trans- 
formed into a complex salt. Tartaric acid is then added until 
the concentration is 0.1 N, after which the lead is titrated with 
sulphide. The arsenic group remains in solution. Inflection- 
potential, — 0.280 volt; reference electrode, Ag in 0.003 N KI. 


59 In the light of McCay’s work on the sulphoxy-arseniates it is extremely 
unlikely that anything approaching a quantitative precipitation of the quinqui- 
valent arsenic could be expected. Cf. L. W. McCay, Am. Chem. J., 10, 459 (1888); 
Z. anorg. Chem., 29, 36 (1901) J. Am. Chem, Soc., 24, 661 (1902), 
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Bismuth forms an oxysulphide very readily; therefore the 
reagent must be added drop by drop. Bismuth sulphide has 
a strong adsorbing capacity; the error may be 15 per cent. 

Copper precipitates well in sulphuric acid solution; strong 
adsorption; error about 10 per cent. The error is diminished 
by titrating in a bicarbonate medium in the presence of tartrate. 
Error, + 3 per cent. Inflection-potential, — 0.050 volt; com- 
pensation electrode, Ag in 0.5 N NaCl. In strongly acid solu- 
tion, large amounts of halide have a disturbing action, since the 
mercury may reduce the copper to the cuprous state. 

Cadmium must be titrated in tartrate solution weakly acidi- 


fied with acetic or tartaric acid. Inflection-potential, — 0.250 
volt; comparison electrode, Ag in 0.001 N KI. Error, about 
3 per cent. 


Zinc.—The solution must not be more acid than a 0.1 N acetic 
acid solution. At lower acidity the titration gives good results, 
even in air. Inflection-potential, — 0.380 volt; compensation 
electrode, Ag in 0.2 N KI. One of the authors (Kolthoff) added 
an excess of sulphide to the alkaline zinc solution and titrated 
back with mercuric chloride. The method was unsuccessful 
although various modifications were tried. 

Nickel and Cobalt.—In bicarbonate-tartrate solution there 
was a regular change in the potential. Error, 10-20 per cent; 
inflection-potential, — 0.510 volt; compensation electrode, Hg 
in 0.02 N KCN 0.02 N AgNOs. 

Manganous and ferrous ions can not be titrated with sulphide. 

It is evident from the foregoing description that the titration 
of the metals with sulphide gives unsatisfactory results. The 
authors can not recommend the method. They suspect that 
the errors are due to inherent properties of the sulphides, and 
that improvement is unlikely. 

When several metals are present in solution the precipitation 
of their sulphides does not take place as we should theoretically 
expect. When two metals are present together their sulphides 
are precipitated together, although singly they have quite 
different solubilities (Werner’s theory should be recalled in this 
connection). A fractional separation of the metals by means 
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of sulphide is not practically possible. Hence the authors 
omit the further details which Pinkhof gives in his dissertation. 

Thiosulphate.—According to Kolthoff and Verzijl (loc. cit.), 
a sharp jump in potential is found in the titration of sodium 
thiosulphate with mercuric chloride at a point which corresponds 
to the complex salt NagHg(S203)2. The potential rapidly 
assumes a steady value, and the results are very accurate. The 
potential changes in an irregular way after the equivalence-point 
is reached. The titration does not give good results when sul- 
phite is present. In neutral solution, sulphide and thiosulphate 
may be titrated in the presence of each other. The first jump 
occurs after the precipitation of the sulphide, the second after 
the formation of the complex thiosulphate ion. 

Hyd: oxyl Ions.—Cf. Neutralizations, p. 227, on the titration 
of bases with the aid of the mercury-mercuric oxide electrode. 

Mercurous Salis—Mercurous salts may be titrated with 
chloride, bromide, iodide, or sulphocyanide. Good results are 
obtained. (Cf. titration of halides.) 

Mercuric Salts ——Accurate results are obtained by titration 
with potassium iodide. Even mercuric chloride may be titrated 
up to great dilutions. In this case the best procedure is to add 
an excess of iodide, and titrate back with mercuric chloride. 

3. The Copper Electrode.—W. D. Treadwell and L. Weiss *1 
have shown in a preliminary paper that it is possible to titrate 
copper as cuprous thiocyanate, with a copper electrode. Their 
results, however, are far from accurate. According to Dutoit 
and von Weisse,®? a copper electrode is unsuitable for potentio- 
metric titrations because its potential changes in an irregular 
way. In agreement with Kolthoff’s experience, E. Miiller and 
A. Rudolph *8 were not successful in obtaining a jump in poten- 
tial in the titration of a cupric solution, to which an excess of 
bisulphite was added, with thiocyanate; the titration was 
made at room temperature with a copper indicator electrode. 
They obtained a break when the titration was performed at 


51 W. D. Treadwell and L. Weiss, Helv. Chim. Acta, 2, 694 (1919). 
82 Dutoit and von Weisse, J. chim. phys., 9, 578 (1911). 
83 E. Miiller and A. Rudolph, Z. analyt. Chem., 68, 102 (1923). 
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70° C. Error, + 0.7 per cent copper; inflection-potential, 
— 0.166 volt (against normal calomel electrode). The error is 
probably due to adsorption of the CNS~ ion by the cuprous 
thiocyanate. The relative error increases rapidly with increas- 
ing dilution; in titrating 0.01 N copper solutions it is 7 per cent. 
The temperature control is of great importance; the best results 
are found at 70° C. At 90° the error is 15 per cent. This 
method can not, therefore, be recommended on the basis of the 
information which has been published. 

Silver and Copper.—The silver is first titrated with thiocya- 
nate, with a silver indicator electrode. After reaching the inflec- 
tion-potential (0.21 volt), the liquid is filtered, and the filtrate 
is titrated at 70° after adding bisulphite, with a copper electrode 
as indicator. The reagent is added slowly to permit the poten- 
tial to reach a steady value. Inflection-potential, — 0.166 volt 
(against normal calomel electrode). The filtration of the silver 
thiocyanate is necessary because it would otherwise be reduced 
by the bisulphite to form metallic silver, thus causing erroneous 
results since a silver electrode gives erratic values in the titration 
of cuprous ion with thiocyanate. 

4. The Iodine Electrode.54—General Remarks.—The poten- 
tial of the iodine electrode is represented by the equation: 


0.059 
2 


log [Ts] (252): 


he &0 + (t-)2 


As is well known, iodine is slightly soluble, and it is therefore 
advantageous in many instances to use the saturated iodine 
electrode, whereupon the iodine concentration [Iz] is constant 
and equal to the solubility (0.00134 molar at 25°). We then 
have: 

E = &0' — 0.059 log [I-] = &0’ + 0.0594. 
where &’ is 0.541 volt against the normal hydrogen electrode. 

In a solution that contains iodide ion and iodine, reaction 
between the two is possible in the sense of the equation: 


I,+I1I-2kb a; 
541. M. Kolthoff, Rec. trav. chim., 41, 172 (1922). 
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and, according to the law of mass action: 
[Ie}[1-] 
Ve 
[13 ~] 
At 18°, K is equal to 15 X 10-3 (Dawson).55 / 
Since the solubility of iodine is 1.09 X 10-3 at 18°, we have: 


el eles 
[eal =1.0o>c10= 


= about 1 (in a saturated iodine solution). 


Hence, half of the total iodide is transformed into complex I3~ 
ions; and if the total concentration is equal to I-, we have: 


E = g0' — 0.059 log 3[I-], 
or 
E = e + 0.017 — 0.059 log [I-]. 


From this we see that the potential of the iodine electrode 
depends upon the iodide concentration in the same way as that 
of a metal electrode depends upon the concentration of uni- 
valent metal ions (opposite sign in change of potential term). 
The iodine electrode has the following special characteristic: 
Todine reacts with water, as represented by the equation: 


$lo + 3H20 = 6H* + 103- + SI- 


with the equilibrium constant of 2.45 x 10-47 at 25°C. 
(Sammet).5° 

From this value we see that there is almost no reaction 
between the free iodine and water. If, however, we add a sub- 
stance that reacts with iodide ion, the reaction may proceed 
to the right. This is the case, for example, in the titration of 
iodide with silver nitrate, with the iodine electrode. When 
the equivalence-point has been reached, an excess of silver 
nitrate reacts with iodine with the formation of iodate and 
silver iodide. The equilibrium conditions are dependent upon 
the solubility product of the silver iodide. The less soluble the 
iodide, the more nearly the reaction proceeds to completion 


55 Dawson, J. Chem. Soc., 85, 467 (1904). 
56 Sammet, Z. Elektrochem., 11, 293 (1905); Z. physik., Chem., 58, 641 (1905). 
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toward the right. If the iodide is slightly dissociated the con- 
siderations are similar to those met in the case of mercuric iodide. 

When iodate is formed after the equivalence-point has been 
reached, we are dealing with the iodate electrode, whose potential, 
according to Sammet (loc. cit.) is represented by: 

0.05915) (Helles? 
E=e+ ST ES log oe ca 

In a normal solution of iodic acid which is saturated with 
respect to iodine, & is equal to 1.158 volt (referred to N He 
electrode). From the equation we see that the potential is 
dependent, to a very high degree, upon the hydrogen-ion con- 
centration. The larger the latter, the more positive will be the 
potential. For this reason, the jump in potential in the titration 
of iodide with silver nitrate or mercuric salt depends, to a great 
extent, upon the hydrogen-ion concentration; in acid solution 
it is much larger than in a neutral medium. When the iodide 
which is formed is much more soluble than silver iodide, as is 
the case with lead or thallous iodide, enough iodide ions remain 
in solution, after the equivalence-point has been reached, to 
prevent the iodate formation. It is even possible to transform 
lead iodide quantitatively to free iodine with the aid of iodate. 
Therefore, when we are titrating an iodide solution with thal- 
lous salt, using the iodine electrode as indicator electrode, the 
iodide concentration changes at all points of the titration curve 
according to: 
Lo 

les 

whereas the iodide is not transformed into iodate. 

In the titration of a single substance, the iodate formation 
has no influence on the result of the titration. If, however, we 
have two substances together, for example, iodide and bromide, 
which we are titrating with silver nitrate, a small error may result 
from iodate formation. After the precipitation of the iodide, 
most of the reagent is used for the precipitation of the bromide, 

_whereas a small quantity reacts with iodine to form iodate. 

From the above, it is evident that the iodine electrode may 
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be used in all cases where a slightly dissociated or complex 
iodide is formed. Its application may be of distinct advantage 
in the titration of mercuric salts, since the mercury electrode 
is not reversible to mercury ions. 

Electrode.—A piece of bright platinum, or better, platinum 
gauze, in contact with iodine, serves well as an electrode. The 
best way to saturate the liquid with iodine is to add a little of 
a freshly prepared alcoholic iodine solution. Its quantity is of 
no significance; 2 to 10 drops ofa 10 per cent tincture to 100 cc. 
of liquid will do. The authors desire to lay stress on the fact 
that the alcoholic solution should be freshly prepared, since it 
decomposes on standing, to form a little iodide. This might 
cause an error, especially in the titration of dilute solutions. 

Determination of Iodide with Silver Nitrate.5’—In the titra- 
tion of a neutral iodide solution, the jump in potential occurs 
0.8 per cent too early, probably because of the adsorbing prop- 
erties of silver iodide. The result is improved by titration in 
the presence of sulphuric acid, the error being only 0.2 per cent. 
The jump in potential is much greater than in neutral solution, 
as stated above. When titration is carried out in acid solution, 
the silver iodide flocculates from the start of the titration, 
whereas in a neutral medium the iodide remains in colloidal solu- 
tion and flocculates just before the equivalence-point is reached. 
Owing to the high degree of dispersion, the adsorbing capacity 
of the iodide is much greater in the latter case than in an acid 
medium. After the end-point is reached, the silver nitrate reacts 
with the iodine to form iodate, and the brown color of the liquid 
disappears. The titration may be performed with very dilute 
solution; a 0.001 N I~ solution may be determined with an accu- 
racy of about 1 per cent. 

In the presence of bromide or chloride, the jump in potential 
at the equivalence-point is less pronounced. In harmony with 
the results of Liebich with the silver electrode (cf. p. 169), 
Kolthoff found that the error due to the adsorption by silver 
iodide is descreased in the presence of bromide. In the titra- 
tion of a mixture of quivalent amounts of iodide and bromide, 

57. M. Kolthoff, Rec. trav. chim., 41, 176 (1922). 
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the jump in potential was found 0.2 per cent too late (in iodide 
solution alone, 0.8 per cent too soon). In the presence of 
bromide, the silver iodide does not flocculate at the first equiva- 
lence-point. 

When the iodide is titrated in the presence of hydrochloric 
acid, the same results are obtained as when sulphuric acid is 
used, although the jump in potential is smaller in the former case. 
Yet it is possible to titrate iodide in the presence of 100 times the 
amount of chloride, with an accuracy of 0.5 per cent. 

The titration of bromide or chloride with silver nitrate, with 
the iodine electrode, does not give accurate results. 

Titration of Iodide with Mercuric Salts—In general, mer- 
curic nitrate dissolved in dilute nitric acid can not be recom- 
mended as a reagent, because it oxidzes the iodide. The error 
may be rather large, 1.5 to 5 per cent, especially in strong iodide 
solution (0.1 N); in very dilute solution the error is less pro- 
nounced. In principle, it is better to use mercuric perchlorate, 
a solution of which may be readily prepared (cf. p. 186). The 
titration curve has a peculiar shape, due to complex formation 
(cf. Kolthoff, Joc. cit.); no distinct break in potential occurs at 
the point where the reaction: 


Hgt+ + 4I- 2 Heli- 


is complete. The complex constant is too large for strong 
variations in ion concentrations to be found. A sharp break 
is found, however, at the point where mercuric iodide is quan- 
titatively formed. ‘The titration gives very accurate results, 
even in dilute solution. Inflection-potential, + 0.580 volt 
(against normal calomel electrode). Some results are given in 
the following table: 


Solution to be Cubic Centimeters Nomar Error in 
Titrated Heg(ClO4)2 Used Per Cent 
100 cc. 0.025 N KI Dey OW) er Oeil IN +0.1 
100 cc. 0.0025 N KI 24.92 cc. | 0.01 N —0.3 
100 cc. 0.00025 N KI as (ee 0.001 N 
100 cc. 0.0001 N KI 10.02 cc. 0.001 N +0.2 
100 cc. 0.00005 N KI 5 ce. 0.001 N 
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Hence, a solution containing as little as 6 parts iodide per million 
may be titrated with an accuracy of at least 0.5 per cent. 

In the presence of bromide, the jump in potential is not very 
large and the accuracy of the titration is much smaller than with 
lodide alone. A mixture of equivalent amounts of iodide and 
bromide may be titrated with an accuracy of 0.5 per cent. The 
disturbing action of chloride is much less than that of bromide. 
When the ratio of I~ to Cl- is 1 : 20, very accurate results are 
still obtained. In this case we may use mercuric chloride for 
a reagent, as well as mercuric perchlorate. 

Bromides and chlorides may also be titrated with mercuric 
perchlorate, with the iodine electrode. The jumps in potential 
at the equivalence-point are much smaller than in the case of 
the iodide, but good results are still obtained. It is also possible 
to determine the iodide, bromide, and chloride separately in a 
mixture of the three halides. The accuracy is not very high, 
however. As we have seen, iodide may be titrated in the pres- 
ence of the same amount of bromide, with an accuracy of 0.5 per 
_ cent. But the potential break after the bromide is transformed 
into mercuric bromide is still less pronounced when chloride is 
present. The accuracy in this case is not larger than 1 to 2 
per cent. In order to show how the potential changes, the 
authors give, in the table on page 202, the titration of a mixture 
of 10 cc. of 0.1 N KI, 10 cc. 0.1 N KBr, and 10 cc. of 0.1 N KCl 
with approximately 0.1 N Hg(ClO,)2. The titration curve is 
given in Fig. 40. 

Titration of Mercuric Mercury.—The iodine electrode is espe- 
cially convenient for the titration ot mercury in mercuric chlo- 
ride. The sublimate can be titrated directly with a standardized 
iodide solution. The inflection-potential is 0.550 volt (against 
normal calomel electrode). The results of the titration are 
accurate. 

Titration of Thallous Salts—Because of the fact that thal- 
lous iodide is slightly soluble, we may make use of the titration 
of thallous salts with iodide. The solubility product of thallous 
iodide is rather large (about 10-8); therefore, only solutions 
that are 0.05 N or stronger give a distinct jump in potential at 
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Cubic Centimeters E AE 
of Reagent Added S Ac 
0) 0.308 
5 0.384 
9 0.426 
9.5 0.446 60 
1 Nita an First maximum 
10.2 0.512 2 
; 140 
10.3 0.526 100 
10.4 0.536 36 
11 0.558 
15 0.618 
19 0.682 
19.5 0.684 
20 0.690 10 
20.2 0.692 10 
20.3 0.693 30S d 
20.4 0.696 3 econd maximum 
20.5 0.697 10 
20.7 0.698 7 
21 0.700 
23 0.718 
25 0.738 
27 0.756 
29 0.780 
29.5 0.792 Py 
30 0.812 60 
30.2 0.824 “0 
30.4 0.838 80 Third “ 
30.5 0.846 60 urd maximum 
30.6 0.852 40 
30.7 0.856 50 
31 0.872 » 
32 0.894 = 
33 0.906 


First maximum: 10.1 cc. (calculated for iodide 10.08 cc.) 

Second maximum: 20.4 cc. bromide (20.4—10.1)=10.3 cc. (calculated for bro- 
mide 10.35). 

Third maximum: 30.5 cc. chloride (30,5—20,4)=10.1 (calculated for chloride 
10.15), 


the equivalence-point. The accuracy is about 0.2 per cent; 
inflection-potential, 0.456 volt (against normal calomel elec- 
trode). 

Lead and bismuth iodides are too soluble to give good end- 
points in the titration. A good maximum occurs only in the 
titration of 1 N lead salts; more dilute solutions can not be 
titrated. Bismuth salts give a small jump in potential when 
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titrated in nitric acid solution; in the presence of hydrochloric 
acid, no jump at all in potential occurs. Therefore, the iodine 


0 2 4 6 8 10 12 14 16 18 20 22 2 26 28 30 32 34 36 
CM* Hg (Cl0,4)2 


Fic. 40.—Titration of a mixture of halides with mercuric perchlorate, using the 
iodine electrode. 


electrode can not be recommended for the titration of lead or 
bismuth salts. 


CHAPTER X 
NEUTRALIZATIONS 


In Part I a full account was given of the theory of neutrali- 
zations, the shape of the neutralization curve, and the magni- 
tude of the change in potential at the equiyalence-point. There- 
fore, the reader is referred to Part I for the theory of these reac- 
tions, and will find in the present chapter the practical details 
and applications of the electrodes which are used in quantitative 
neutralizations. 


1. The Hydrogen Electrode.—. 
Px = 9 0501 


The reader is referred to W. M. Clark, “‘ The Determination 
of Hydrogen Ions,” for details about different forms of hydrogen 
electrodes. A’very convenient and suitable electrode has been 
described by J. H. Hildebrand ! in his classical paper ‘“‘ Some 
Applications of the Hydrogen Electrode in Analysis, Research, 
and Teaching.” 

The electrode consists of a platinum foil welded to a short 
piece of platinum wire, which is sealed through the end of a glass 
tube where it makes contact with a copper wire, either by means 
of a soldered joint or a mercury globule. The glass tube is within 
a slightly wider tube which contains a side arm near the top for 
the admission of hydrogen gas, and a bell-shaped enlargement 
at the bottom to protect the foil and confine the hydrogen, which 
must bathe its upper half. A wide notch is cut in the bottom of 
the bell to allow the liquid to rise high enough to cover the lower 
half of the foil. After the inner tube has been adjusted to the 
proper height, it is fastened to the outer tube by means of 
marine glue. Before this is done, however, the platinum foil is 

1J. Am. Chem. Soc., 35, 847 (1913). 
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(25° C.) (against normal hydrogen electrode). 
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bent into an S shape, and is platinized by the usual process. 
One of the authors (Kolthoff) always uses a small piece of platin- 
ized platinum wire ending in a sharp point. With an electrode 
of this kind the reading becomes constant sooner. The delay 
is only appreciable at the start, and again at the end-point 
where the jump occurs. It is more convenient to make two 
round holes for the escape of hydrogen, instead 
of the notch in the glass of the bell-shaped 
part. 

W. D. Treadwell and L. Weiss? have de- 
scribed a very inexpensive form of electrode, 
which contains about 25 cents’ worth of noble 
metal, and which quickly gives reproducible 
potential values: The outside of a strong 6-mm. 
tube of unglazed porcelain is coated with a 
thin layer of gold by soaking the tube in gold 
chloride solution, followed by gentle heating 
over a flame. The layer is then fortified by fie 41 Dis 
electrolytic deposition of gold from a cyanide blectrods: 
bath. The current density must be so carefully 
regulated that a well-adhering deposit with a coarse surface is 
produced. The lower portion of the tube, thus gilded to about 
7 cm. of its height, is then given an extemely thin (hauchdiinne) 
electrolytic plate of palladium black. 

Two of these electrodes are used as a cell for titration pur- 
poses (Treadwell system). One of them contains a buffer 
solution of the p, value that is expected at the end-point. Hydro- 
gen is passed through at a rate of 2 or 3 bubbles per second. In 
his simple system, J. Pinkhof * uses cadmium amalgam in con- 
tact with various solutions, instead of a hydrogen electrode, as 
a reference electrode. These electrodes are readily reproducible 
and are electromotively equivalent to hydrogen electrodes 
which dip into various solutions of known hydrogen-ion con- 
centrations. The electrodes that Pinkhof used were provided 
with 11-13 per cent cadmium amalgam. 


2 


2W. D. Treadwell and L. Weiss, Helv. Chim. Acta, 8, 433 (1920). 
3 J. Pinkhof, Chem. Weekblad, 16, 1168 (1919). 
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REFERENCE ELECTRODES OF PINKHOF 


Composition of Electrode 
Solution 


Cd(NOs)2 1 
CdCl, 0 
Cdlz 0 
KI 0. 
CdIz 0 
KI 0 
Cdl, 0 
KI 1 


Se 


PATE, Wh, Sa, PAPA, ek, Fa 
WH 


NS 


Potenial Against 0.1 N 
Calomel Electrode 


—0.696 
—0.754 


—0.812 
—0.870 


—0.929 


Equivalent to a Hydro- 
gen Electrode in a 
Solution of [H*] 


On 
Ome 


10m 
Ome 


190710 


P. F. Sharp and F. H. MacDougall,* who have simplified 
the preparation of the electrodes, give the following list: 


REFERENCE ELECTRODES OF SHARP AND MAcCDOUGALL 


Electrode Solutions. 
Dilute the Quantities 
Given to a Total Vol. 


Potential Against 
N Calomel Electrode 


Equivalent to a He 
Electrode in Solution 
of [H*] 


of 100 cc. 
ae. N Salt 
0.52 eZ, KI 
2.90 2 KI 
6.14 2 KI 
67.50 2 KI 
10 0.5 CdSO, 
0.20 DO) jl 
10 0.5 ea 
10.14 2 KI 
10 O.5 (Ceboy 
26.40 2 KI 
12.00 One (Calon 
48.70 D KI 


12-12) Peri Cent 
Lead Amalgam and 
Lead Iodide 


=O), 
—0.5609 
—0.5786 
—0.6378 


12—1220-bern Cent 
Cadmium Amalgam 


—0.6967 
—0.7560 
—0.8150 


—0.8742 


NO 
10-47 
Ome 
10-6 


tOmd 


OS 


10m? 


10-10 


4P. F. Sharp and F. H. MacDougall, J. Am. Chem. Soc., 44, 1193 (1922); 
cf. also H, T, Beans and E. Little, J. Ind. Eng. Chem., 17, 413 (1925). 
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A. B. Hastings > has described a convenient hydrogen elec- 
trode vessel which is adapted for titrations. 

The authors recommend the electrode of J. Hudig and 
W. Sturm © for the determination of the acidity and titration 
curve of soils. 

Hydrogen electrode vessels for use with tannery liquors have 
been described by J. A. Wilson and E. J. Kern.7 

Hydrogen Generators.—Hydrogen generated from sulphuric 
acid with pure zinc is usually used. Care should be taken to dis- 
place all oxygen from the generator and to free the hydrogen from 
impurities, especially arsenic. For this purpose the authors 
always wash the gas by passing it through silver nitrate, potas- 
slum permangante, and water. 

Compressed hydrogen of high purity is now on the market. 
It is satisfactory for hydrogen electrode work; Fales and Vos- 
burgh ® pass it through alkaline permanganate, alkaline pyrogal- 
lol, water, and cotton wool. Cullen ° passes the tank hydrogen 
through solutions of mercuric chloride, permanganate, pryogal- 
lol, dilute sulphuric acid, and water. The compressed hydrogen 
is especially valuable for the immersion electrode which the 
authors use in quantitative titrations, where an abundant supply 
of hydrogen is required. 

Electrolytic generators have been employed very frequently; 
they are especially satisfactory when a moderate supply of 
hydrogen of highest purity is required at frequent intervals, or 
steadily, over long periods of time. (Cf. Clark, ‘“ The Deter- 
mination of Hydrogen Ions.’’) 

Disturbing Factors in the Use of the Hydrogen Electrode.— 
Oxygen gives the electrode a positive charge and is very danger- 
ous. In order to avoid the presence of oxygen, titrations should 
be carried out in vessels closed by means of rubber or wooden 
stoppers with the requisite holes for inlet and outlet of hydrogen, 


5 A. B. Hastings, J. Biol. Chem., 46, 463 (1921). 

6 J. Hudig and W. Sturm, Chem. Weekblad, 16, 473 (1919). 

7 J. A. Wilson and E. J. Kern, J. Ind. Eng. Chem., 17, 74 (1925). 

8H. A. Fales and W. C. Vosburgh, J. Am. Chem. Soc., 40, 1291 (1918). 
9G. E. Cullen, J. Biol. Chem., 30, 369 (1917). 
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contact with the calomel electrode, etc. The presence of air is 
made evident by the inconstancy of the potential. 

Impurities in the hydrogen, such as hydrogen sulphide, 
hydrocarbons, etc., may poison the electrode; therefore, the 
purification mentioned above is necessary. 

Oxidizing agents are reduced in the hydrogen electrode; we 
can not, therefore, make measurements in the presence of these 
substances (such as ferric iron, bichromate, nitric acid, etc.). 
Nor can the hydrogen electrode be used in the presence of reduc- 
tants, as they make the potential much too negative (e.g., sul- 
phurous acid). In some instances where the potential of the 
reductant is not reproducible, it has no disturbing action (hydra- 
zine). 

Organic substances that can be reduced also interfere. The 
platinum black of the electrode catalyzes the reduction. Aro- 
matic compounds, in particular, may have a disturbing action; 
even aniline and phenol may interfere under special conditions. 
Many alkaloids and dyestuffs can not be examined with the 
hydrogen electrode. 

Metals that stand below hydrogen in the electromotive 
force series, and also lead, are reduced on the electrode; therefore 
they have an interfering action. 

Fortunately, we have other electrodes for the measurement 
of hydrogen-ion concentrations, as we shall see in the following 
sections. 

Applications of the Hydrogen Electrode.!°—W. Bottger 1! was 
the first to apply the hydrogen electrode for titration purposes. 
He determined the neutralization curves of hydrochloric, sul- 
phuric, acetic, proprionic, isobutyric, lactic, tartaric, mellitic, 
citric, succinic, phosphoric, arsenic, arsenous, boric, and car- 
bonic acids; also those of sodium hydroxide, benzylamine, 
aniline, and ammonia. He did not get very reliable results 


10 Cf. Furman, Chapter XIII, p. 829, Taylor’s “Physical Chemistry,” D. Van 
Nostrand Co., for a review of other applications. 

UW. Béttger, Z. physik. Chem., 24, 253 (1899); Die Anwendung der Elek- 
trometers als Indikator beim Titrieren von Siuren und Basen. Dissertation, 
Leipzig (1897), 53 pp. 
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with the last three substances as they affected the electrode. 
He also made a study of the titration of a weak acid in the 
presence of a strong one (acetic acid in the presence of hydro- 
chloric acid), and of a weak base in the presence of a strong 
one (benzylamine in the presence of sodium hydroxide). We 
see from this that Bottger, as early as 1897, had made a complete 
study of the application of the hydrogen electrode to neutrali- 
zations. 

Later publications have not brought a very different point 
of view. Nevertheless, the paper of J. H. Hildebrand !2 is of 
great importance, as he simplified the apparatus (immersion 
electrode, use of voltmeter, etc.) and laid stress upon the practical 
and theoretical significance of the use of the hydrogen electrode. 
Hildebrand also determined various neutralization curves (and 
displacement curves, i.e., curves obtained in the titration of salts 
of weak acids with a strong acid, or salts of weak bases with 
a strong base). He gave the neutralization curve of citric acid 
with ammonia, also those of oxalic, maleic, and fumaric acids, 
magnesium ammonium phosphate, ferrous sulphate, beryllium 
sulphate, aluminum sulphate, and salts of rare earths. Hilde- 
brand and Harned !* made a practical application of these 
titrations to the determination of magnesium as magnesium 
hydroxide in the presence of calcium (analysis of dolomite). 

The method does not give quite accurate results, however; 
we may conclude from the results of Harned that the method 
may be as much as 5 per cent in error. I. M. Kolthoff !* con- 
firmed these results, and therefore can not recommend the 
method for general use. The potential reaches constancy very 
slowly; improvement is made by adding an excess of alkali and 
titrating back with standard acid. In agreement with Pinkhof 
(Diss. Amsterdam, 1919), Kolthoff found that the accuracy in 
the titration of magnesium chloride was about 1 per cent. In 
the titration of magnesium sulphate the deviation was much 


12 J. H. Hildebrand, J. Am. Chem. Soc., 35, 847 (1913). 

13 See Hildebrand (loc. cit.), p. 869; see also Hildebrand and Harned, 8th 
Internat. Cong. Applied Chem., 1, 217 (1912). 

147, M. Kolthoff, Rec. trav. chim., 41, 787 (1922). 
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higher, 5 per cent or more, owing to the formation of basic salts. 
He obtained better results by titrating at a temperature of 70°, 
under which conditions the accuracy is about 1 per cent, when 
the concentration of the magnesium is more than 0.5 N. More- 
over, the potential becomes constant very soon after the addi- 
tion of reagent. If the concentration of the magnesium is less 
than 0.5 N, the jump in potential at the end-point is so small 
that reliable results can not be obtained. For the reasons given 
the authors can not recommend this titration of magnesium for 
general use. 

Pinkhof !° used the hydrogen electrode for the titration of 
acetates with hydrochloric acid. Good results were obtained 
only when the concentration was greater than 1 N. (The same 
is true with indicators.!®) Pinkhof titrated ammonium salts 
by adding an excess of sodium hydroxide and titrating back 
with acid. Here again, good results are obtained only in the 
titration of concentrated solutions.!” Pyrophosphate may be 
tirated to secondary phosphate with acid. Pinkhof did not 
succeed in the titration of alkaloids, probably because of their 
reduction at the hydrogen electrode. Fr. Miiller 18 and Kolt- 
hoff encountered the same difficulty; yet J. C. Krantz !9 was able 
to titrate some alkaloids, using the hydrogen electrode. 

Pinkhof also determined strong acids in the presence of 
acetic acid. It may be concluded from theoretical considera- 
tions, and from the work of Treadwell and Weiss °°, that this 
application is very limited. ‘Thus, it is not possible to determine 
hydrochloric acid in the presence of formic acid by this method. 
In general, it may be said that in colorless solutions we can not 
do more with the hydrogen electrode than with indicators.!7 

G. L. Wendt and A. H. Clarke 2! determined the neutrali- 
zation curve of phosphoric acid by calcium hydroxide. They 

15 Pinkhof, Dissertation, Amsterdam (1919), p. 44. 

16 Cf, I, M. Kolthoff, The Use of Indicators. 

17 Cf, I. M. Kolthoff, The Use of Indicators. 

18 Fr, Miiller, Z. Elektrochem., 30, 587 (1924). 

19 J. C. Krantz, J. Am. Pharm. Assoc., 14, 294 (1925). 


20 W. D. Treadwell and L. Weiss, Helv. Chim. Acta, 3, 433 (1920). 
21G, L. Wendt and A. H. Clarke, J. Am. Chem. Soc., 45, 881 (1923). 


THE HYDROGEN ELECTRODE 211 


did not observe a jump in potential at the point corresponding 
to the formation of secondary phosphate. 

The titration of boric acid, especially in the presence of poly- 
hydroxy organic compounds, has been determined by a number 
of investigators. Attention is called especially to the work of 
J. van Liempt 2? and of M. G. Mellon and V. N. Morris.?3 

E. C. Gilbert ** titrates hydrazine and its salts, using the 
hydrogen electrode. He found a jump in potential at the point 
corresponding to the mono-salt (basic salt). 

The hydrogen electrode has been shown to be of great value 
in many practical and industrial processes. It is suitable for 
use in the titration of fruit juices and beverages (beer, milk, 
etc.); testing and purification of water for household and 
industrial uses: testing of soil extracts, sludges, tannery liquids, 
soaps, etc. 

R. B. Smith and P. M. Giesy ?° determined the alkalinity of 
magma magnesiae with the hydrogen electrode. 

KE. A. Keeler 7° has described a number of applications to 
industrial processes, together with automatic instruments of the 
kind used in recording pyrometers. The recording instrument 
may be be applied, by means of appropriate electrical connec- 
tions, to the mechanical addition of reagents, the releasing of 
alarm signals at predetermined py values of solutions, etc. (Cf. 
Chapter VIII, §5.) Keeler has also described equipment for the 
testing of boiler water, the carbonation of cane sugar juice, the 
preparation of casein from milk, the investigation of soaps, 
Ce 

R. Kremann and F. Schépfer 77 have applied the hydrogen 
electrode to the determination of the acid number of fatty 


22 J. van Liempt, Rec. trav. chim., 89, 358 (1920); Z. anorg. Chem., 111, 151 
(1920). 

23 M. G. Mellon and V. N. Morris, J. Ind. Eng. Chem., 16, 123 (1924); 17, 145 
(1925); Proc. Indiana Acad. Sci., 88, 85 (1924). 

24, C. Gilbert, J. Am. Chem. Soc., 46, 2648 (1924). 

25. B. Smith and P. M. Giesy, J. Am. Pharm. Assoc., 12, 955 (1923); 18, 
1118, 1119 (1924), 

26 &. A. Keeler, J. Ind. Eng. Chem., 14, 395 (1922); Power, 55, 126, 768 (1922). 

27 R, Kremann and F. Schépfer, Die Seife, 8, No. 35 (1922). 
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acids and of fats, although the air electrode is more suitable for 
this purpose (cf. § 2 following). 

On titrations in ethyl alcohol as a solvent, see E. R. Bishop, 
E. B. Kittredge, and J. H. Hildebrand.” 

2. The Oxygen and Air Electrodes.—General Discussion.— 
When oxygen is supplied to an “ unattackable electrode,” e.g., 
one of platinized platinum, there is a tendency to form oxygen 
ions, and the electrode becomes positively charged: 


402 + 2¢e = O=. 


This tendency is proportional to the partial pressure (concentra- 
tion) of the gas. At constant temperature: 


[O=] 


ee 
2[02] 
Furthermore, we have: 
[H+][(OH-] oa Ky; 
and 
Osi, 
[eey 
or 
ap a [OHS 
(OR e= re Ki: 
Upon combining these equations, we have: 
rae Kis 
los ie [H+]? 


According to the Nernst equation, the potential of the oxygen 
electrode is given by: 
0.059 P 0.059, [H+ 


i= : SS AIVGES a clk 3 log eK 


or 
E =*¢6 40/059 loo (Ht) (at 252). 


It is therefore obvious that the oxygen electrode acts as an 
indicator for hydrogen ions. 


28. R. Bishop, E. B. Kittredge and J. H. Hildebrand, J. Am. Chem. Soc., 44, 
735 (1922). 
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It has been shown conclusively in a number of investiga- 
tions °° that the potential of the oxygen electrode is irreversible, 
the probable explanation being that oxide formation enters as 
a complicating factor. Although the oxygen electrode never 
reaches a steady potential value, the magnitude of the variation 
is only of the order of 5-10 millivolts per hour in acid solution 
after approximate saturation of the electrode with the gas. In 
alkaline solution the drift is about six times as great. N. H. 
Furman °° found that an electrode that was saturated with 
oxygen or air could be used in ordinary analytical determina- 
tions in spite of this variation. The change in the electromotive 
force does not mask the trend of the titration curve, which may 
be constructed in a few minutes. Usually about fifteen to 
twenty minutes’ passage of the gas serves to saturate the elec- 
trode before the titration is commenced. 

Theoretically, we should expect that the air electrode would 
be 0.008 volt less positive than the oxygen electrode under 
similar conditions. Smale?! found that the difference was ten 
to fifteen times as great. 

The oxygen and air electrodes that Furman used were of the 
Hildebrand type. The electrodes were supplied either from 
a cylinder of oxygen, or with gas generated electrolytically in 10 
per cent sodium hydroxide solution at a nickel anode. The gas 
was washed by acidified permanganate solution, and by concen- 
trated sodium hydroxide. The permanganate washing was 
omitted when air was used instead of pure oxygen. 

P. A. van der Meulen and F. Wilcoxon %? prefer a bright 
platinum electrode, which gives fairly constant potential values. 
The platinum acts as an oxygen electrode in a more or less com- 


20 Cf. Crotogino, Z. anorg. Chem., 24, 258 (1900); Bose, Z. physik. Chem., 34, 
730 (1910); Wilsmore, ibid., 35, 291 (1900); Czepinski, Z. anorg. Chem., 30, 1 
(1902); Westhaver, Z. physik. Chem., 51, 83 (1905); Lewis, J. Am. Chem. Soc., 
38, 158 (1906); Schoch, J. Phys. Chem., 14, 665 (1910); Foerster, Z. physik. 
Chem., 69, 336 (1910). 

30 N. H. Furman, J. Am. Chem. Soc., 44, 2685 (1922). 

31 Smale, Z. physik. Chem., 14, 600 (1894); see also Hoeper, Z. anorg. Chem., 
20, 423 (1899). 

82 P. A. van der Meulen and F. Wilcoxon, Ind. Eng. Chem., 15, 62 (1923). 
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pletely saturated condition, depending on the preliminary treat- 
ment. Furman (loc. cit.) found that the air electrode was much 
less influenced by minor changes in manipulation than the 
simple platinized or bright platinum electrodes. A less sensi- 
tive potentiometer may be used with the air electrode. 

Satisfactory titration curves are found either in the presence 
or absence of oxidizing agents. In the absence of pronounced 
oxidizing and reducing agents, a fair approximation of the 
hydrogen-ion concentration may be made after empirical cali- 
bration of the E.M.F. values of the oxygen (or air) electrode 
against a normal calomel cell, with standard buffer mixtures.*# 

H. P. Barendrecht 34 made use of the oxygen electrode for 
paw determinations in connection with enzyme studies. A. K. 
Goard and E. K. Rideal 3° employed a carefully controlled oxygen 
electrode in the measurement of certain otherwise inaccessible 
potentials. 

The air electrode is very convenient, according to Furman °6 
for the determination of free acid in bichromate, or free alkali 
in chromate, or in the analysis of mixtures of chromate and 
bichromate. He also used it in the determination of various 
acids, e.g., hydrochloric, nitric, perchloric, acetic, etc. 

G. S. Tilley and O. C. Ralston 3” used the air electrode to 
detect the point where metals are completely removed from solu- 
tion by hydrolytic action. They thus controlled the oxidation 
of ferrous iron by manganese dioxide or by aeration. This is 
of importance in the purification of copper sulphate solutions, 
with calcium carbonate and air, before recovery of the copper. 
The electrode is ineffective when the oxidation is slow. 

R. Kremann and F. Schopfer 8 used the bright platinum 
oxygen electrode or air electrode for the determination of the acid 
number of acids and fats. They recommend the use of 0.1 N 

33 Cf. G. H. Montillon and N. S. Cassel, Trans. Am. Electrochem. Soc., 45, 259 
(1924); see also H. T. S. Britton, J. Chem. Soc., 125, 1572 (1924). 

34H, P. Barendrecht, Proc. K. Akad. Wetensch. (Amsterdam), 22, 126 (1919). 

35 A. K. Goard and E. K. Rideal, Trans. Faraday Soc., 19, 740 (1924). 

36 N. H. Furman, Trans. Am. Electrochem. Soc., 48, 79 (1923). 


37 G. S. Tilley and O. C. Ralston, Trans. Am. Electrochem. Soc., 44, 31 (1923). 
38 R, Kremann and F, Schépfer, Die Seife, 8, No. 35 (1922). 
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alcoholic potassium hydroxide. If the soap is deposited on the 
electrode the latter may be cleaned by scraping. The jump in 
potential generally occurs at the point where phenolphthalein 
changes color. 

S. Popoff and M. J. McHenry *® used the bare platinum 
electrode (cf. van der Meulen and Wilcoxon) for the titration of 
alkaloids. The electrode is cleaned, after every titration, by 
immersion in cleaning mixture (dichromate-sulphuric acid), fol- 
lowed by thorough washing. Curves are given for the titration of 
quinine, quinine sulphate, cocaine, cocaine hydrochloride, 
cinchonidine, and strychnine. 

R. B. Smith and.P. M. Giesy *° studied the titration of ferric 
chloride with sodium hydroxide with the aid of the oxygen elec- 
trode. 

Arthur and Keeler 4! have described a continuous recording 
apparatus for the measure and control of the alkalinity 
of boiler feed water, by means of the air electrode — 0.1 N calomel 
electrode cell. The electromotive-force readings were calibrated 
empirically in terms of grains of alkalinity per gallon of water. 

In a brief note, H. H. Willard and F. Fenwick 4? have 
described the application of the bimetallic system to quantita- 
tive neutralizations. Their usual polarized system (cf. Chapter 
VIII, § 4) was used. When the solution to be titrated con- 
tained a small concentration of hydrochloric acid, the action of 
the galvanometer was extremely sluggish in the region of the 
neutral point. 

“An apparently enormous resistance was set up within the 
solution; the measuring instruments lost their sensitivity and 
no end-point was obtainable. The addition of potassium 
bromate did not improve matters. When, however, a neutral 
solution of hydrogen peroxide (neutralized with bromphenol 
blue as indicator) was added, the normal sensitivity continued 
throughout; a potential difference persisted to within 0.3 to 


39S, Popoff and M. J. McHenry, J. Am. Pharm. Assoc., 14, 473 (1925). 
40 R. B. Smith and P. M. Giesy, J. Am. Pharm. Assoc., 12, 855 (1922). 
41 Arthur and Keeler, Power, 55, 768 (1922). 

42H. H. Willard and F. Fenwick, J. Am, Chem. Soc., 45, 715 (1923). 
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0.4 cc. of 0.1 N titrating solution of the end-point, then began 
slowly to decrease, and at the neutral point a clear, sharp down- 
ward break occurred. With the reversed titration a rise pre- 
ceded the end-point which was marked by an upward break of 
about 100 millivolts. A slight excess of the acid caused the 
voltage to fall. In neither case was the end-point permanent.” 
In both cases the point of maximum velocity of potential change 
was exactly at py 6.8. 

In the authors’ opinion, the addition of hydrogen peroxide 
probably makes the system an oxidation-reduction system, the 
potential of which depends upon the hydrogen-ion concentration. 

Instead of the polarized system, J. C. Briinnich ** employs 
a cell composed of a platinum and a graphite electrode. Pure 
graphite must be used; electric-light carbon is quite unsuitable. 

“The combined electrodes were made from a graphite rod 
about 3 cm. long, enclosed in a glass tube leaving about 2 cm. 
projecting. A few drops of mercury inside the tube make the 
connection with a copper wire attached to the positive side of 
the galvanometer. The glass tube with the graphite rod was 
enclosed in a wider glass tube, at the lower end of which a few 
holes were blown to insure ready circulation of the liquid. 
Around this outer tube a platinum wire was wound and con- 
nected with a copper wire to the positive side of the galvan- 
ometer.”’ 

Briinnich used the potentiometer in all of the tests, but 
remarks that it is unnecessary for practical purposes and that 
the electrodes can simply be connected with a sensitive galvan- 
ometer giving a distinct deflection with a potential of 2 to 3 milli- 
volts. (Depends also on the current!) ‘‘ On dipping the elec- 
trodes into various solutions, the galvanometer at once indicates 
their reaction.” 

“‘ The electrodes are easily affected and the potential of the 
cell is easily altered, but they are readily tested by successive 
immersion in three beakers, one containing distilled water, the 
second one drop of 0.1 N acid, and the third one drop of 0.1 N 
alkali in 40 cc. of distilled water. The galvanometer must give 

43 J.C. Briinnich, J. Ind. Eng. Chem., 17, 631 (1925). 
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a strong deflection to the positive side with the acid, and to the 
negative side with the alkali, and show no deflection in pure 
water. 

“Tf kept in contact for any length of time, the tapping key 
lowers the potential, 0.01 N acid being lowered from 0.18 to 0.10 
volt, but again restored to normal after 70 seconds’ rest.” 
(Depolarization.) ‘Temperature slightly alters the potential, 
0.01 N acid showing 0.0765 at 6° C.,44 0.180 at 22° C., and 0.190 
ed UA AGE 

“The curves of the potentials obtained during titration are 
quite as characteristic and sharp as those obtained with the 
hydrogen electrode and calomel cell, although the actual voltage 
is much lower.” 

Briinnich used his system for the titration of strong acids 
and of phthalic, lactic, citric, acetic, phosphoric, and boric acids, 
and borax. The neutral point is at practically zero difference of 
potential (— 0.005 volt). 

3. Higher Oxide Electrodes.—A study of the use of oxide 
-and higher oxide electrodes in hydrogen-ion concentration 
measurements has recently been published by H. C. Parker.*° 
He found that a platinized gold or platinum electrode in contact 
with manganese sesquioxide (Mn203) was the most satisfactory 
of a number of electrodes which he tested. In this instance we 
may be dealing with the reaction: 


Mnz0z3 (solid) <= 2MnO (solid) + 402 (gas). 
According to Parker, “‘ In alkaline solution it is more likely 
2Mn(OH)3 (solid) @ 2Mn(OH)z2 (solid) + H20 + 40z2, 
and the essential reaction is therefore, 
Mntt* + ¢=2Mn??. 


If the reaction is reversible we may apply Peters’ equation, 
and at 25° C. we should have: 


++ 
E = s9 — 0.0591 log Sy — 0.0591 pr. 


44 Probably should read 0.1765. 
45 H. C. Parker, J. Ind. Eng. Chem., 17, 737 (1925). 
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[Mn++] 
[Mn+++] 
tial is a linear function of the reciprocal of the hydrogen-ion 
concentration. ...” 

When the ratio is constant we may write 


E = e9' — 0.0591 py. 


If the ratio 


remains constant, the electrode poten- 


Parker tested a number of possible electrode combinations 
in addition to that mentioned above, namely, the following 
oxides: Manganese dioxide, cobaltic oxide, lead peroxide, hydro- 
gen peroxide, nickelous oxide. These oxides were studied when 
in contact with one of the following metals: platinum (bright or 
black), gold (bare or platinized), tungsten, mercury, copper, 
palladium, nickel; or with carbon. He also studied electrodes 
of tungsten, nickel, aluminum, copper, palladium, gold, or 
platinum, without addition of oxide. 

Parker determined the g 9 value of a number of the more 
promising electrodes by testing them against the hydrogen 
electrode in various buffer solutions; his values are given in the 
following table. 


€&) VALUES OF VARIOUS ELECTRODES AS DETERMINED BY PARKER 


Buffer Solution 


ere Phthalate, | Phosphate, Ris Borate, 
pu=3.92 | px=6.35 eee pu=9.07 

Wie COs Ogura telancen silteuce 0.387 0.480 0.501 0.508 
We MnOstn eae aoe ee 0.448 0.448 (0), SW 0.516 
Wi Mins Os crete «oreo ta esnmonc 0.402 0.486 0.501 0.502 
W—Mn,0;, treated *......5...-- 0.450 0.462 ‘0.466 0.464 
Wea bares. srqeicteeitcceresuecann tee 0.371 0.410 0.457 0.453 
Wietreated! "crane cececte eden OFG55 0.410 0.435 0.433 
Jee GN Ore inn som acon aoe te 0.981 1.016 1.015 1.016 
Pe platinized sec cmecer arnt: 0.928 0.940 0.945 0.940 
Pt, platinized—CosO3...........} 0.918 0.952 0.952 0.954 
Au, platinized—Mn,O;.......... 0.965 0.976 0.971 0.967 
Pt, platinized—Mn.0;.......... 0.968 0.974 0.970 0.969 


* The treatment consisted in immersion of the electrode in strongly alkaline buffer solution until 
the potential became constant (after several days). The effect of the treatment persists for about two 
weeks when the electrode is used for measurements in a flowing solution, 
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From Parker’s & measurements it is evident that a number 
of the electrodes are suitable for use in alkaline solutions, but 
that the manganese sesquioxide is the only one that is suitable 
in both acid and alkaline solution. The advantages which are 
claimed for the use of these electrodes in industrial measure- 
ments are: “ They can be used in a flowing solution which is 
freely exposed to air; they require no supply of gas under pres- 
sure; they are remarkably free from ‘ poisoning.’ ”’ 

If lead peroxide is electrolytically deposited on a platinum 
electrode, the latter behaves as a lead peroxide electrode, the 
potential of which depends to a great extent upon the hydro- 
gen-ion concentration. This may be shown by the equation: 


PbO2 + 4H+ + 2e = Pb** + 2H20 


from which we have: 


[Po++] 
[PbO2|[H +]4 a 
and as [PbO] is a constant, 
LEDS ae 
a ~ * 


We have seen from the equation above that two electrons 
participate in the reaction; the potential of the electrode is 
therefore represented by the equation: 


= a log ae = ooo log [Pb++]—0.118 log [H+]. 

The more acid the solution the more positive the electrode 
will be. If the lead-ion concentration could be kept unchanged, 
the potential of the electrode would change 2 X 59 millivolts 
with each unit of variation in py, whereas the hydrogen elec- 
trode only changes 1 X 59 millivolts. In a preliminary investi- 
gation (not yet published), Kolthoff determined the potential of 
the lead peroxide electrode in acid and alkaline buffer mixtures. 
In contrast to the equation above, the potential changed about 
130 millivolts for each unit change in fy of acid solution, and in 
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alkaline solution only 75 millivolts for the same change in py. 
The discrepancy has not yet been cleared up. 

Kolthoff used a platinum gauze electrode on which lead per- 
oxide was deposited electrolytically (anode in electrolysis of 
a lead salt in dilute nitric acid). One advantage is that the 
potential of the electrode soon becomes constant, so that a 
titration may be finished in a few minutes’ time. Its applica- 
tion is limited to the titration of strong oxidants. Good results 
were obtained in the titration of nitric, perchloric, and chloric 
acid, of acid in presence of permanganate or dichromate, etc. 
Hydrochloric acid, however, is oxidized to chlorine and the lead 
peroxide is dissolved. The electrode then acts as an oxygen 
electrode. 

4. The Quinhydrone Electrode.—Since the quinhydrone 
electrode is a very simple and convenient one for the accurate 
measurement of the hydrogen-ion concentration in acid solu- 
tion, and as it has been applied more and more frequently for 
this purpose, a rather detailed discussion of it will be given here. 

If we have a reversible oxidation-reduction reaction which 
may be represented by the equation: 


A + 2H+ + 2e @ HeA, 
the oxidation potential of the system will be: 


0.059 [A][H+]? 


E = & + ; log [Ho A] ” 
or 
- 0.059, [A] eres 
E = e+ 5 log [HA] + 0.059 log [H+] (25°). 


This relation has been confirmed for the systems: hydro- 
quinone-quinone (Biilmann); dialuric acid-alloxan (Biilmann 
and Lund); azo-hydrazo compounds (Biilmann);  cystine- 
cysteine (Dixon and Quastel, 1923). Of these systems the 
quinone-hydroquinone one is the most suitable for practical use, 
as the two substances unite in equimolecular proportions to 
form the slightly soluble compound, quinhydrone. 
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The quinhydrone electrode has a certain hydrogen pressure 
which is very small; its magnitude is regulated by the reaction: 


CoeH402 + He @ CeH4O2He. 


quinone hydroquinone 


The hydrogen concentration in the electrode is equal to: 


ee x Lbydroquinone] 
; [quinone] 


The hydrogen pressure is so small that it is hardly capable of 
practical realization (at 18° and pu = 0, Pu, = 10-244). The 
authors therefore prefer to represent the transformation of 
quinone into hydroquinone by the electrochemical equation: 


CgH402 + 2H+ + 2e @ CgH402He. 


Two hydrogen ions are discharged in this reduction. The 
potential of the electrode will therefore be: 


: +]2 
~ 0.059 ie K[quinone][H +] 


- 2 [hydroquinone] 


(25%). 


As quinhydrone is an equimolecular compound of quinone 
and hydroquinone, we have: 


[quinone] = [hydroquinone], 
and 


ee — log K[H+]2 = 9 + 0.059 log [H+]. 


Hence the quinhydrone electrode changes its potential in exactly 
the same way, with changes in hydrogen-ion concentration, as 
the hydrogen electrode does. 

According to E. Biilmann #¢ and his collaborators, at 18° 


& = 0.7044 volt (referred to normal hydrogen electrode). 


According to E. Biilmann and J. Krarup,*’ the temperature 
coefficient of the cell: quinhydrone electrode — normal hydrogen 


46 ©. Biilmann, Ann. de chimie (9), 15, 109 (1921); E. Biiimann and H. Lund, 
Ann. de chimie, 16, 321 (1921); 19, 137 (1923); E. Biilmann, Trans. Faraday Soc., 
19, 57 (1923). 

47%. Biilmann and J. Krarup, J. Chem. Soc., 125, 1954 (1924). 
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electrode, between 0° and 37°, is equal to — 0.00074 volt. 
From the aforesaid and the data in the literature, we find: * 


_ 0.3665 — 0.00068(¢ — 18) — min 
br 0.0577 + 0.0002(¢ — 18) ‘ 


H 


Tin = E.M.F. against the 0.1N calomel electrode. 
Ora 18110) 000500 nts) nate 


Pu = ——9 0577 + 0.0002 — 18)’ 

™y = E.M.F. against the N calomel electrode. 
0.4496 — 0.00035(¢ — 18) — ms.5 

pu = ) 


0.0577 + 0.0002(¢ — 18) 
13.5 = E.M.F. against 3.5 N calomel electrode. 


The quinhydrone electrode furnishes us with a rapid means 
for the determination of hydrogen-ion concentrations. Its 
manipulation is much more convenient than that of the hydrogen 
electrode. The electrode is a bright piece of platinum wire, 
foil, or gauze. In order to make the electrode ready for use, 
the electrolyte is shaken for about half a minute with a little 
quinhydrone (about 50-100 mg.) and then the measurement can 
be made. ‘The electrode must be cleaned, if necessary. The 
quinhydrone may be very suitably prepared as follows: 100 g. 
ferric ammonium sulphate are dissolved in 300 cc. water at 65° C., 
and this solution is poured into a solution of 25 g. hydroquinone 
in 300 cc. water. The quinhydrone precipitates in fine needles; 
after cooling in ice it may be collected by suction. Yield, 15 g. 
After recrystallization from water it contains only a trace of iron. 

The quinhydrone electrode may often be applied in cases 
where the hydrogen electrode does not give good results, as in 
the presence of metals that lie below hydrogen in the electro- 
motive series; also in the presence of alkaloids. It may be ap- 
plied to the determination of the acidity of soils,4® or of milk 

48 Cf. I. M. Kolthoff, Z. physiol. Chem., 144, 259 (1925). 
497. M. Kolthoff, Rec. trav. Chim., 42, 186 (1923); E. Biilmann, J. Agric. 


Science, 14, 232 (1924); H. R. Christensen and S. J. Jensen, Internat, Mitt. f, 
Bodenk., 14, Heft I-II (1924). 
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and dairy products.°° It is also important from a theoretical 
point of view.°! Its salt error has been determined by S. P. L. 
Sérensen and his collaborators; ®? the protein error by Kolt- 
hoff (loc. cit.). 

One serious objection to the application of the quinhydrone 
electrode is that it can not be used in alkaline solution. The 
hydroquinone acts as a weak acid and gives off hydrogen-ions, 
and incorrect values for py, are found. In general we may say 
that when py, is smaller than 8 reliable results are obtained. 
In solutions of good buffer capacity good results are obtained 
even at py=9. 

The quinhydrone electrode can be warmly recommended 
for titrations.*? If we wish to carry out a titration some quin- 
hydrone is added to the solution and a platinum electrode is 
dipped in. Electrical stirring is usually unnecessary, for the 
electromotive force rapidly becomes constant upon stirring by 
hand with a glass rod. It is very convenient for the titration of 
acids, or of salts of weak acids with strong acids. It has been 
applied by Kolthoff (Joc. cit), Baggergeard-Rasmussen (Joc. cit.), 
and Wagener and McGill (Joc. cit.) to the titration of alkaloids 
and their salts. Harris (loc. cit.) employed the electrode in the 
titration of amino acids. It may also be used in the determina- 
tion of the acidity of beverages, fruit juices, soils, etc. 

As we have seen, the quinhydrone electrode gives unreliable 
results in alkaline solutions. This, however, would not influence 

50 V. Lester, J. Agric. Science, 14, 634 (1924). 

51]. S. Granger, Dissertation, New York (1920); J. S. Granger and J. M. 
Nelson, J. Am. Chem. Soc., 48, 1401 (1921); J. B. Conant, H. M. Kahn, L. J. 
Lieser, and S. S. Kurts, ibid., 44, 1382 (1922); J. B. Conant and L. J. Lieser, zbid., 
44, 2480 (1922); 45, 2194 (1923); V. K. La Mer and L. E. Baker, ibid., 44, 1954 
(1922); L. E. Baker, Dissertation, New York (1922); E. Biilmann, A. L. Jensen, 
and K. O. Pedersen, J. Chem. Soc., 127, 199 (1925). 

52S, P. L. Sérensen, M. Sorensen, and K. Linderstrém-Lang, Ann. de Chimie, 
15, 111 (1921); K. Linderstrém-Lang, Compt. rend. du Lab. de Carlsberg, 15, 
No. 4 (1924). 

537. M. Kolthoff, Rec. trav. chim., 42, 186 (1923); V. K. LaMer and T. R. 
Parsons, J. Biol. Chem., 67, 613 (1923); L. J. Harris, Proc. Roy. Soc., 95, 439, 499 
(1923); J. Chem. Soc., 123, 3294 (1923); J. Auerbach and E. Smolczyk, Z. physik. 


Chem., 110, 65 (1924); H. Baggergeard-Rasmussen, Z. Elektrochem., 31, 189 
(1925); L. R. Wagener, and W. J. McGill, J. Am. Pharm, Assoc., 14, 288 (1925). 
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the result of a titration if it were not for another objectionable 
feature, namely, that the hydroquinone is readily oxidized in 
such solutions to form brown-colored weak acids which neutralize 
part of the base. This causes a negative error which may be 
appreciable. Kolthoff (Joc. cit.) stated: If the air is removed, 
and the titration carried out in a nitrogen atmosphere, good 
results are obtained. It is more convenient to add an excess 
of acid to the alkaline solution and titrate back with standard 
sodium hydroxide. If the solution to be titrated contains 
strong oxidants or reductants the quinhydrone electrode is no 
longer applicable, nor is the hydrogen electrode. In some cases 
the quino-quinhydrone electrode (quinhydrone and quinone) 
may be used. 

Since the potential of the quinhydrone electrode rapidly 
becomes constant, the Pinkhof system and its modifications 
may be used advantageously. The solution to be titrated is 
brought into electrolytic contact with a quinhydrone electrode 
which is placed in a buffer solution of the same py as that at the 
equivalence point. The reagent is added until the galvanometer 
or capillary electrometer gives no deflection. 

5. Metal Electrodes.—The potential between a metal and a 
solution depends upon the concentration of the ions which the 
electrode can furnish. Let us assume that we have a metal whose 
oxide has a very slight solubility. In this case the metal-ion 
concentration of the solution will be governed by its hydrogen-ion 
concentration. If we have for example the bivalent metal M 
whose oxide MO is slightly soluble, then we have: 


MO + 2H+=@Mt+t + H.O 
[M++] = K[H+} 
as the concentration of MO is a constant. 


From the Nernst equation, we have: 
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and as we may write K[H+]? in place of [M++], we have 


E = to — 95> log K — 909" log (H+? 


89 — 0.059 log [H+]. 


It may be concluded from the last equation that the electrode 
potential varies in the same way with changes in hydrogen-ion 
concentration as does the hydrogen electrode. This conclusion, 
of course, holds only when we may assume that the solubility of 
the oxide is so small at the various hydrogen-ion concentrations 
that it does not affect the latter. 

If we have a trivalent metal the oxide of which is very 
slightly soluble, an equation similar to the above may be derived. 
Actually, only a few metals may be used as indicator electrodes 
for hydrogen ions, since the particular metal must be less elec- 
tropositive than hydrogen. Also, if we are to use the electrode 
over the whole range, its oxide must be insoluble in both acids 
and bases. One of the few metals that fulfill these conditions is 
antimony, the oxide of which is amphoteric. 

The Antimony Electrode.—The solubility of the oxide is so 
small, even in 0.1 N hydrochloric acid and 0.1 N sodium hydrox- 
ide, that it does not change the hydrogen-ion concentration of 
these liquids.. In view of the results of K. Schuhmann,** we 
may conclude that in dilute acid solutions the antimony trioxide 
goes into solution with the formation of antimony] ions, SbO*: 


Sb203 + 2H+ @ 2SbO+-+ HO. 


As the potential of the anitmony electrode is dependent 
upon the SbO+ concentration, and the latter is determined by 
the hydrogen-ion concentration, it is obvious that the potential 
of the antimony electrode will change in the same manner as the 
hydrogen electrode does. It is true that I. M. Kolthoff and 
B. D. Hartong *° in a preliminary paper have found that this 
conclusion does not hold exactly; the deviation is rather large 
in acid solution. At 14°C. they found that up to py of 5 in acid 


54K. Schuhmann, J. Am. Chem. Soc., 46, 52 (1924). 
551. M. Kolthoff and B. D. Hartong, Rec. trav. chim., 44, 113 (1925). 
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solution the E.M.F. changes 48.5 millivolts for each unit of 
change in py, whereas in alkaline solution at py above 9 it 
changes 53.6 millivolts for a variation of 1 in py. The behavior 
of the antimony electrode has not yet been satisfactorily explained 
from a theoretical point of view. Yet it is suitable for analytical 
neutralizations, and may be used in many cases where the hydro- 
gen electrode is not applicable. 

The antimony electrode was first used for this purpose by 
Uhl and Kestranek,°® whereas Kolthoff and Hartong (loc. cit.) 
made an extensive study of its properties. The latter used 
antimony obtained from Kahlbaum (99.97 per cent Sb), which 
was melted and poured into a cylindrical mould. The rod so 
obtained was joined to a copper wire which was connected to the 
circuit. According to Uhl and Kestranek the antimony con- 
tains enough antimony oxide so that it may be used directly 
without any addition. Kolthoff and Hartong found that more 
reliable results and more rapidly constant potential were obtained 
if a little antimony trioxide was added. This is not necessary 
for ordinary titrations, but if it is desired to calculate the py 
corresponding to the measured E.M.F. the presence of some 
oxide is essential. The latter may easily be obtained by treating 
antimony with sufficient nitric acid, evaporating to dryness, and 
gently igniting the residue. 

In order to obtain good results the liquid must be stirred 
during the titration, by a motor stirrer or by a current of indif- 
ferent gas such as hydrogen or nitrogen. The E.M.F. generally 
reaches a constant value within two minutes. The results of 
various titrations are very satisfactory: hydrochloric, sulphuric, 
nitric, perchloric, acetic, oxalic, and some other acids were 
titrated successfully. A good result was also obtained with 
tartartic acid, although the E.M.F. did not correspond to the 
pu of the solution. The deviation must be ascribed to the 
formation of the complex antimony] tartrate. Asa consequence, 
the break is not as large as in the case of oxalic acid. There is 
also a measurable quantity of antimony trioxide in the liquid 
after the titration of the tartaric acid. 

56 Uhl and Kestranek, Monatsh., 44, 29 (1923). 
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Conversely, alkaline solutions may also be successfully 
titrated with acid. The antimony electrode may also be used in 
many cases where the hydrogen electrode is used (e.g., in the 
titration of beer). It may even be used in cases where the 
hydrogen electrode interferes, as in the titration of alkaloids. 
It gives good results in the presence of strong oxidzing agents, 
such as permanganate or dichromate, although the E.M.F. 
observed does not correspond with the hydrogen exponent of the 
solution. Thus, for example, the antimony electrode was 
strongly positive against the normal calomel electrode in a solu- 
tion that contained 0.05 N sulphuric acid and 0.05 N perman- 
ganate. After neutralization of practically all of the acid, the 
E.M.F. fell to zero and changed sign with respect to the calomel 
electrode. As the permanganate oxidizes the trivalent antimony 
to the quinquivalent condition, the anomaly is explained by the 
fact that we are dealing with the Sb—-Sb” electrode instead of 
the Sb-Sb™ as in other cases. Still, the acid in the perman- 
ganate or dichromate can be determined accurately. In the 
latter case, the first break in potential is at a point corresponding 
- to dichromate, the second to chromate. 

A more systematic investigation of the antimony electrode 
is desirable. 

The Mercury-Mercuric Oxide Electrode: 


Hg(OH)2 = Hgt+ + 20H -, 
[Hg++][OH-]? = Sugiom,,”” 


[Hgt*] = sets 


0.059 = 0.059 Sug(on) 
Bag = 9 0:952 ogg] = 9 8 og San 


Ene = 60’ + 0.059 log [OH~]. 


The mercury-mercuric oxide electrode is an indicator for 
hydroxyl ions and changes its potential in the same manner 


87 According to I. M. Kolthoff, Chem. Weekblad, 14, 1016 (1917), Sugion), 
is equal to 1.4 X 107%6 at (18° C.). 
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with hydroxyl-ion concentration as the hydrogen electrode does. 
This electrode can not, of course, be used in acid solutions, because 
the mercuric oxide dissolves. Another objection is that mer- 
curic ions react with mercury to form mercurous ions: 


Hg*++ + Hg = Hg2*t. 


This reaction may occur even at small hydrogen-ion concen- 
trations, and black mercurous oxide is precipitated. The limit 
of py to which the Hg—HgO electrode may be used depends 
very largely upon the chloride-ion content of the solution. The 
chloride ions remove the mercurous ions from the solution, 
forming calomel, and the above reaction is shifted to the right. 
Other halides also have a disturbing action. J. Pinkhof °® gives 
the following table: 


ole [OH~] at which {H*] at which 
Reduction Occurs Reduction Occurs 
1 10-3 10-1 
1052 Or 10-10 
10-2 10-5 10-9 
1076 10-8 


When the chloride concentration is smaller than 0.01 N, 
black mercuous oxide will be formed as soon as the hydrogen-ion 
concentration becomes larger than 10-8. Hence, it is only possi- 
ble to make those tirations of which the py at the equivalence- 
point is larger than 8. At higher chloride concentrations, the 
py must be proportionately higher (cf. table). The application 
of the mercury-mercuric oxide electrode is therefore very lim- 
ited. In the authors’ opinion, the antimony electrode is better, 
because fewer substances interfere with its use, and it may also 
be used in acid media. Pinkhof gives some applications of the 
mercury-mercuric oxide electrode, which will be mentioned 
briefly. 

Titration of Ammonia in its Salts —The solution which is to 
be titrated must be about 1 N. An excess of normal sodium 


68 J. Pinkhof, Dissertation, Amsterdam (1919), p. 31. 
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hydroxide is added, and is then determined with normal nitric 
acid. Compensation electrode, Hg—-HgO in 0.1 N NaOH. A 
correction of 0.15 cc. of 0.1 N NaOH has to be added to the num- 
ber of cubic centimeters of alkali bound per 10 cc. of solution. 
This titration is of little more than theoretical interest. The 
sharpest change in potential occurs at a sodium hydroxide 
concentration of 0.15 N. Pinkhof takes this as the end-point, 
and corrects for the excess of alkali. The value of the potential 
is not the same as in pure alkali. This fact is explained by the 
transformation of the mercuric oxide into the Millon base, 
(HgOH)2NH20H, by the ammonia. In normal ammonia this 
base has a mercuric-ion concentration about 100 times smaller 
than mercuric oxide at the same hydroxyl-ion concentration, 
and therefore in the former case the electrode potential is about 
58 millivolts less negative than in the absence of ammonia. 
Inflection-potential, — 0.100 volt against normal calomel elec- 
trode. The authors can not recommend this titration for 
practical use. 

Titration of Magnesium in the Presence of Calcium.—(Cf. p. 
209.) An excess of normal sodium hydroxide is added to the 
solution to be titrated, the magnesium concentration of which 
may not be less than 0.5 N. Chloride and sulphate ions must be 
absent. The excess of alkali is determined with normal nitric 
acid. Compensation electrode, normal calomel electrode. (In- 
flection-potential, 0.00 volt.) This method is of little practical 
use. 

Pinkhof also uses the Hg—HgO electrode for the titration 
of phosphates, pyrophosphates, and boric acid. Heavy metals 
can not be titrated with an excess of sodium hydroxide because 
of the adsorbing action of the hydroxide formed. Alkaloids in 
their salts may be titrated in the same way as magnesium and 
ammonium. ‘The titration may be carried out even in 0.05 N 
solutions. Not even the presence of 0.05 N chloride is harmful. 
An excess of sodium hydroxide is added, and the amount of the 
excess is determined with acid. Compensation electrode, 
0.1 N calomel electrode. (Inflection-potential, + 0.050 volt 
against normal calomel electrode.) Accuracy about 1 per cent. 
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The titration of morphine is less accurate, owing to the acid 
character of the free alkaloid, which is a phenol. 

The authors suggest that the copper-cupric oxide electrode 
might have a wider field of application than the Hg—HgO 
electrode. Thus far, no data are available to prove this surmise. 
(Cf. Parker, J. Ind. Eng. Chem. 17, 737 (1925)). 

6. The Tungsten Electrode.—J. R. Baylis ®® found that the 
tungsten wire in an ordinary 40-watt electric lamp is an indica- 
- tor for hydrogen ions. In his experiments he used the water of 
Gunpowder River, the py of which ranged between 6.5 and 8.6. 
The useful range may not extend much beyond these limits. 
(Cf. Parker, loc. cit.) There is a voltage difference of approx- 
imately 90 millivolts for each py unit (hydrogen electrode, 59 
millivolts). Baylis tested only water from the one source. A 
hole large enough to admit two small tubes was bored in the 
lamp bulb. One tube led from the calomel electrode, the other 
from the water source. A rapid displacement of water gave the 
best results. A lamp gave accurate readings for about a week, 
after which gradual deviations from the first readings occurred. 
Baylis’ paper was of preliminary character, and a more sys- 
tematic investigation over a wider py is highly desirable. The 
results obtained by Parker (Joc. cit.) show that the electrode does 
not change regularly with p, changes throughout the whole range. 

The authors suggest that the tungsten electrode behaves 
more or less as an oyxgen electrode. 

7. The Glass Electrode.—We may use a glass electrode 
instead of a metal electrode. Haber and Klemensiewicz °° 
found that the potential difference between electrolytes in contact 
with the two sides of a thin glass wall is determined in part by 
the hydrogen-ion concentration of the solution. Within the 
the last few years, K. Horovitz and his collaborators have, as 
a matter of fact, shown that the glass electrodes behave as mixed 
electrodes. Their potential depends not only upon the hydro- 
gen-ion concentration, but also upon that of the other ions 
which the glass contains (e.g., zinc, sodium, etc.). Horovitz 


59]. R. Baylis, Ind. Eng. Chem., 15, 852 (1923). 
60 Haber and Klemensiewicz, Z. physik. Chem., 67, 385 (1909). 
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gives many details regarding the neutralization curves, which 
will not be discussed here. 

Haber’s apparatus is illustrated in Fig. 42. 

S is the solution to be titrated, B a glass bulb with walls 0.06 
mm. thick, and filled with potassium chloride solution; W is 
a platinum wire which dips into the potassium chloride solution; 
E is a quadrant electrometer, C a standard half-cell (calomel 
electrode). According to Haber, the potential difference between 
the interior of the glass forming the bulb and the solution out- 
side varies linearly with the 
[H*] of solution S. (Cf. Horo- 
vitz.) Haber suggested that the 
variation in contact potential 
might be made the basis of an 
electrometric titration. 

Weis. Hughes.® wised=-a 
Leeds and Northrup _ poten- 
tiometer and compensated until 
_ the quadrant electrometer gave 
no deflection. According to 
Hughes, multivalent cations and anions have no influence on 
the potential difference between glass and solution. In the 
titration of gelatin, however, they have a marked influence. 

The reader is referred for details to the paper of Hughes (loc. 
cit.) and Horovitz.®? In the authors’ opinion, glass electrodes 
are of no practical importance in analytical titrations, because 
we have a choice of so many electrodes which may be used with 
simple equipment. There is, however, another phase of the 
matter which might be of importance. Horovitz found that 
a glass electrode behaved-as a sodium electrode and also as a 
zinc electrode when the glass contained zinc. Therefore, it 
might be possible to use these glass electrodes in cases where 
metal electrodes can not be employed (calcium, barium, lead, 
etc.). If this were the case, there would be a broad field for 
extensive and important research. 


61 W. S. Hughes, J. Am. Chem. Soc., 44, 2860 (1922). Cf. also A. L. v. Steiger, 
Z. Elektrochem., 30, 259 (1924). Cf. W. E. L. Brown, J. Sci. Insts., 2, 12 (1924). 
82 Cf. H, Freundlich, Kapillar Chemie (1923) regarding contact potentials, 
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Fic. 42.—Glass cell (Haber). 
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OXIDATION-REDUCTION REACTIONS 


As we have seen in Part I, many oxidation-reduction reactions 
in which hydrogen ions play a part are not completely reversible, 
probably because of the formation of intermediate products. 
Therefore, in many cases, we must be careful not to lay too 
much stress on the values for the normal potentials of these 
oxidation-reduction systems, because they often represent the 
potential value of the system under special conditions. We 
often observe characteristic properties of a system, as, for 
example, the influence of chromic chromium on the chromic 
acid-chromic ion potential, which are not easily explained 
theoretically. 

In this chapter the authors will describe the titrations that 
may be carried out with various oxidants and reductants as 
reagents. The application of one oxidant or reductant will be 
given in each section. This may involve the disadvantage that 
the estimation of individual substances (e.g., iodide, etc.) is 
described in several sections. The authors nevertheless prefer 
this method to others for a systematic treatment of the subject. 

1. Titrations with Potassium Permanganate.—A 0.1 neutral 
solution of potassium permanganate, if free from manganese 
dioxide and protected from dust and other foreign matter, may 
be preserved for a long time without changing its strength. 
More dilute solutions must be standardized every time they are 
used. The standardization may be made with the usual primary 
standards by the ordinary methods, or by potentiometric titra- 
tion.! 

According to F. Crotogino,? the accurate measurement of the 

1Cf. I. M. Kolthoff, Z. anal. Chem., 64, 255 (1924). 
2 F. Crotogino, Z. anorg. Chem., 24, 224 (1900). 
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oxidation potentials of oxidants, which may furnish oxygen, 
is impossible. He used platinized electrodes, which Kolthoff 
also used in his earlier work on potentiometric titrations. Kolt- 
hoff afterward found that bright platinum electrodes gave far 
more constant potential values. With the bright electrode, 


q 6 5 4 3 2 1 0 
ES is potential difference against Normal Calomel electrode 


Fic. 43.—Potential of 0.01 N KMnO, at various pg. 


Kolthoff determined the permanganate potential at various 
values of fy. Buffer mixtures were used up to a fy of 2, then 
0.01 N, 0.12 N, and 2 N sulphuric acid was used. The results are 
plotted in the curve of Fig. 43. 

It may be seen that not all of the points lie on a straight 
line. It is possible, however, that the buffer mixtures from 
6 to 3 (Clark mixtures) react with the permanganate to some 
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extent. A phosphate mixture was used at py = 7. In this © 
solution (py = 7) the potential was 0.530 volt against the normal 
calomel electrode; in 2 N sulphuric acid of py = 0, it was 
1.193 volt (25°). Hence, for one unit change in py, there is a 
variation of 95 millivolts. According to the equation: 


* 0.059 [MnO,-][H+]8 
E = e+ a log [Mn++] 


the theoretical change is $ X 0.059 = 94.4 millivolts per each 
unit change in py. Hence, the agreement between the theoret- 
ical and actual values is satisfactory. 

From the potential of 0.01 N permanganate at [H+] = 1, 
we calculate that a 1 N solution at [H+]=1 will have a poten- 
tial of 1.217 volts against the normal calomel electrode, or of 
1.503 volts against the normal hydrogen electrode. 

Titration of Iodide: 


MnO,- + 8H+ + 5I- @ Mnt+ + 4H20 + 23Ie. 
Partial reactions: 
MnO.z- + 8H+ + 506 @Mn?**+ + 4H20; 
so = 1.217 volt (against N.C.E.) 3 
5I-223k+506 
go = 0.346 (N.C.E.) 


The electrometric titration of iodides was first described by 
Crotogino (loc. cit.) who titrated in a solution which contained 
0.1 N sulphuric acid. W. S. Hendrixson* showed that the 
method gave very accurate results, and this was confirmed by 
I. M. Kolthoff.° The accuracy is so great that pure potassium 
iodide may be recommended as a primary standard for estab- 
lishing the normality of potassium permanganate solutions. 
Kolthoff used pure potassium iodate for this purpose; the reduc- 
tion was performed with pure sulphurous acid, the excess of 

3 Hereafter the authors will use N. C. E. as abbreviation for normal calomel 
electrode. 


4W. S. Hendrixson, J. Am. Chem. Soc., 48, 14 (1921). 
51. M. Kolthoff, Rec. trav. chim., 40, 532 (1921). 


TITRATIONS WITH POTASSIUM PERMANGANATE 235 


which was boiled off. Crotogino (Joc. cit.) did not obtain accu- 
rate results. As Kolthoff (oc. cit., 1921) showed, the acidity of 
his solutions was too slight. The liquid must contain enough 
sulphuric acid to make it 0.15 N; it is better to titrate in solu- 
tions that are 0.2 — 0.5 N with respect to acid. At very low 
acid concentration, the jump in potential appears too late. 

The potential is very constant during the titrations. Motor 
stirring is unnecessary. Stirring with a current of air or carbon 
dioxide is satisfactory. The potential assumes a constant 
value more slowly just at the equivalence-point, and a wait of 
about one minute is necessary, until a steady value is found. 
After all of the iodine has been liberated, the excess of perman- 
ganate oxidizes it slowly to iodate. Hence, after addition of 
reagent the potential is strongly positive, but falls again because 
of the oxidation of the iodine. As the jump in potential at the 
equivalence-point is so large, a small error in the determination 
of the potential has no influence at all on the result. Even very 
dilute iodide solutions may be accurately analyzed by means 
of the permanganate titration. E. Miiller and H. Mollering ® 
titrate to an inflection-potential of + 0.64 volt (against N.C.E.). 
The solution contained 0.8 N sulphuric acid. According to their 
results, 1 per cent too much permanganate is used if one waits 
until the potential is constant. This conclusion is not war- 
ranted as Hendrixson and Kolthoff (oc. cit.) showed. On the 
contrary, the iodide titration of permanganate is one of the 
most accurate that we have. 

In the presence of increasing amounts of bromide the voltage 
rise at the end-point becomes progressively less abrupt. When 
the amount of bromide exceeds that of iodide by 25 per cent 
the results are high (Hendrixson). Kolthoff was able to titrate 
iodide in the presence of double the amount of bromide with an 
accuracy of 0.5 per cent. With more bromide the end-point 
becomes uncertain. 

Chloride interferes much less with the result of the titration, 
although the potential curve at the end-point becomes less steep. 
With a ratio I- : Cl~ of 1 : 20 accurate results are still obtained. 

6, Miiller and H. Méllering, Z. anorg. Chem., 141, 111 (1924). 
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In the presence of hydrochloric acid an excess of permanganate 
reacts with iodine according to the equation (Miiller and 
Mollering) : 


MnO,4~ + 8H+ + 51 + 5Cl- & Mnt* +4 SICI + 4H20. 


The break in potential in the titration of iodide solutions is 
much greater when cyanide is also present. R. Lang?’ published 
a number of papers in which he recommended a new method of 
iodometry applicable in the presence of a weak acid. In titrat- 
ing iodide in the presence of HCN the end-point is not obtained 
when all of the iodine is liberated, but at the point where all of 
the iodine is transformed into ICN. The following equation 
represents the reaction: 


2MnO,- + 11H+ + SI- + SHCN & 2Mn*++ + SICN + 8H20 
with the partial reactions: 
2MnO,~ + 16H+ + 106 @ 2Mn++ + 8H,0, 
SI- + 5HCN = SICN + 5H+ + 1006. 


Hence twice as much reagent is used at the end-point as in 
the absence of HCN. The oxidation of the iodide is very rapid 
and the titration can be finished in five minutes. H. H. Willard 
and F. Fenwick ® applied their bimetallic system to the deter- 
mination of the end-point of this reaction. From their results 
it may be concluded that the selective oxidation of iodide in 
hydrocyanic acid solution to iodine cyanide is possible in all 
concentrations of chloride and in moderate concentrations of 
bromide. The magnitude of the latter is a function of the ratio 
of bromide to iodide concentration and of the absolute concentra- 
tion of each. In cases where these factors are unknown, the 
authors propose the titration of duplicate samples in dilutions 
which differ by at least 100 per cent. If the consumption of 


TR. Lang, Z. anorg. Chem., 122, 332 (1922); 142, 229,279 (1924); 144, 75 
(1925). 
8 H. H. Willard and F. Fenwick, J. Am. Chem. Soc., 45, 623 (1923). 


TITRATIONS WITH POTASSIUM PERMANGANATE 237 


oxidizing agent is the same in both cases, the results may be 
regarded as trustworthy. In the authors’ opinion the applica- 
tion of the ordinary potentiometer system is advantageous 
here: 

Since the iodide titration with permanganate gives such 
accurate results, W. S. Hendrixson 9 has applied it to the deter- 
mination of other substances. Jodate is determined by adding 
an excess of iodide to its acid solution and titrating back with 
permanganate. (The direct titration of iodate with iodide also 
gives good results; vide infra.) Silver is precipitated by an excess 
of iodide and the amount of the latter is determined with per- 
manganate. The titration may be made in the presence of the 
precipitate because of its extremely slight solubility. Metallic 
silver is dissolved in a small excess of nitric acid; most of the 
excess is evaporated off. Since the titration gives very accurate 
results Hendrixson recommends pure silver as a primary standard 
in determining the normality of iodide or of potassium perman- 
ganate. 

In a later paper W. S. Hendrixson !° applied the iodide titra- 
tion to the determination of bromate, nitrite, and chloride. An 
excess of iodide solution is added to the bromate solution, which 
is 2. N with respect to sulphuric acid, and the excess of iodide is 
determined with permanganate. For the determination of 
nitrite, permanganate solution is run into the titration vessel, 
diluted, and enough 10 N sulphuric acid is added to make the 
final solution 1.5 N. The stirrer is started and the nitrite solu- 
tion is added slowly in an amount which leaves 5 to 10 per cent 
of the permanganate unchanged. After about five minutes an 
excess of iodide is added and the titration is completed with 
permangante. 

In the titration of chloride an excess of silver nitrate is added 
to the solution; the silver chloride is filtered off and the excess 
of silver in the filtrate is determined as described above. This 
method for the determination of chloride is of little practical 
importance. 


9W. S. Hendrixson, J. Am. Chem. Soc., 48, 858 (1921). 
10 W. S. Hendrixson, J. Am. Chem. Soc., 48, 1309 (1921). 
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Bromide.—H. H. Willard and F. Fenwick (loc. cit.) applied 
the direct titration of bromide in the presence of hydrocyanic 
acid: 


2Mn0O4- + 11H+ + 5Br- + SHCN @ 
2Mnt* + SBrCN + 8H20. 
With partial reactions: 


2MnO4~ + 16H+ + 1006 @ 2Mn*++ + 8H20, 
and 
5Br- + 5HCN @ 5BrCN + 5H+ + 100. 


The bimetallic system did not give a satisfactory end-point. 
The usual potentiometric system with a standard half-cell gave 
a distinct maximum. The break was not “ found to be ideal, but 
offers distinct possibilities, particularly in a case such as this 
where there is no other method available. After each addition 
of reagent there is a slight drag before equilibrium is reached.” 
Ignition of the electrode before each titration was found to aid 
in keeping the end-point rise abrupt. 

To 10 cc. of 0.1 N bromide are added 5 cc. 10 per cent potas- 
sium cyanide solution, 10 cc. sulphuric acid (sp. gr. 1.84) and 
water to bring volume to 100 cc. An arbitrary correction of 
— 0.10 cc. 0.1 N reagent is applied to the value found at the 


: AE , 
maximum of wee Even in the presence of large amounts of 


hydrochloric acid the error in the titration never amounted 
to more than 0.42 mg. of bromide. ‘‘ A sub-maximum often 


: : , AE 
precedes the end-point maximum in the re eae Cue and the 


intervening sub-maximum lies extremely close to the theoretical 
end-point.” This sub-maximum, however, does not always 
occur. In the presence of iodide the latter is first oxi- 
dized to iodine cyanide, whereupon a sharp break in potential 
occurs. Further addition of permanganate oxidizes the bro- 
mide. If the ratio I —: Br ~ is 1: 1, good results are obtained. 
If it is less favorable too much reagent is used for the oxidation 
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of the iodide. In this case Willard and Fenwick oxidize the 
iodide to iodate with sodium hypobromite. (Cf. p. 283.) 

Sulphurous Acid.—W. S. Hendrixson and L. M. Verbeck 1 
added sulphuric acid to the solution to be titrated (final acid 
concentration 1 N) and an excess of permanganate. This excess 
is destroyed by a small excess of iodide, which is determined with 
permanganate. The method does not yield accurate results as 
the oxidation of the sulphurous acid to sulphate is not quantita- 
tive. I. M. Kolthoff !? confirmed this statement, but found that 
the oxidation of sulphite to sulphate by permanganate was 
complete in alkaline medium. An excess of permanganate is 
added to the alkaline sulphite solution. Sufficient sulphuric 
acid is then added and the titration is completed according to 
Hendrixson. 

Oxalate.—Carlos del Fresno 2 applied the potentiometric 
method to the titration of oxalate with permanganate. As 
might be expected, the method gives accurate results at 70°. It 
has no advantage over the ordinary titration. 

Ferrocyanide : 


MnO,- + 8H+ + 5Feoc= @ Mntt+ + 4H20 + 5Feic=. 
Partial reactions: 
MnOs] 8H -— 5.6 =) Mn? + 420; 
(gp = 1-217, (NCE) 
5Feoc= @ 5Feic= + 59; 
&9 depends upon [H+]. 
The potentiometric titration of ferrocyanide gives such accu- 


rate results that Kolthoff (1924) has applied it in the standardiza- 
tion of permanganate. G. L. Kelley and R. T. Bohn !* first 


11 W. S. Hendrixson and L. M. Verbeck, J. Ind. Eng. Chem., 14, 1152 (1922). 
Cf. also W. S. Hendrixson, J. Am. Chem. Soc., 47, 1319 (1925). 

127. M. Kolthoff, Pharm. Weekblad, 61, 841 (1924). 

13 Carlos del Fresno, Z. Elektrochem., 31, 199 (1925). Cf. also S. Popoff and 
J. Whitman, J. Am. Chem. Soc., 47, 2259 (1925). 

4G. L. Kelley and R. T. Bohn, J. Am. Chem. Soc., 41, 1776 (1919). 
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used this potentiometric titration. They employed a platinized 
electrode, while Kolthoff prefers a bright electrode. The jump 
in potential at the end-point is very large; the more acid there is 
present, the larger the break at the equivalence-point. There 
is another reason for carrying out the titration in strongly acid 
solution. One of the products of the reaction is manganous 
salt, which may form a precipitate of K2MnFeoc. The precipi- 
tate coats the electrode and interferes seriously with the titration. 
Therefore, according to I. M. Kolthoff}° the sulphuric acid 
content of the solution should be rather high in order to prevent 
this precipitation, and the ferrocyanide concentration should be 
just less than 0.05 N. Kolthoff adds enough sulphuric acid to 
correspond to a normality of 1.5. Under these conditions the 
titration may be performed very rapidly and the accuracy is as 
high as 0.1 per cent. The operations must be carried out at 
room temperature to prevent the decomposition of the ferrocy- 
anide to hydrocyanic acid. 

Erich Miiller and H. Lauterbach !° have confirmed Kolthoft’s 
results; they titrate to an inflection-potential of 0.66 volt 
(against N.C.E.). They perform the titration in very dilute 
solution. 

According to Kelley and Bohn, large quantities of hydro- 
chloric acid interfere. Kolthoff, using a bright electrode, did 
not confirm this finding, although he noticed that the break in 
potential at the end-point is less sharp. Reaction between the 
permanganate and hydrochloric acid occurs when an excess of 
permanganate is present. The addition of hydrochloric instead 
of sulphuric acid is advantageous because the former acid pre- 
vents the precipitation of the interfering manganous salt much 
more completely than does sulphuric acid. The precipitation 
of the manganous salt was prevented by having the concentra- 
tion 0.8 N with respect to hydrochloric acid when the normality 
of ferrocyanide was 0.025. The hydrochloric acid has an inter- 
fering action in very dilute ferrocyanide solutions (0.002 N). 

The ferrocyanide titration with permanganate may be 


15T. M. Kolthoff, Rec. trav. chim., 41, 343 (1922). 
16 Rrich Miiller and H. Lauterbach, Z. analyt. Chem., 61, 398 (1922). 


TITRATIONS WITH POTASSIUM PERMANGANATE 241 


applied in the determination of zinc (Kolthoff and Verzijl,!7 cf. 
p. 268). Fifty cubic centimeters of water are added to 10 cc. 
of 0.1 N zinc solution, and 50 cc. 0.1 N(= 1/40 molar) potassium 
ferrocyanide, and then 25 cc. 4 N sulphuric acid. The excess 
of ferrocyanide is determined with permanganate, without first 
removing the precipitate. The potential break is very sharp 
because of the extreme insolubility of the zinc-potassium ferro- 
cyanide, and it occurs exactly at the equivalence-point. If the 
excess of ferrocyanide is determined according to the ordinary 
titration method the color change at the end-point is rather 
vague. 
Titration of Ferrous Iron: 


MnO,~ + 5Fe** + 8H+ = Mntt + 4H20 + 5Fet+t, 
Partial reactions: 
MnO,.- + 8H*+ +506 @Mnt+ + 4H20; 
So = 1/217 volt (N.C.E,) 
Serie Se" st = 516. 
& = 0.466 volt (N.C.E.) 


Kelley, Adams and Wiley '® studied this titration in connec- 
tion with the potentiometric determination of chromium in steel. 
Kolthoff 19 did not obtain very accurate results when the elec- 
trodes were platinized (error + 0.4 per cent); with bright plati- 
num gauze the titration is highly accurate and Mohr’s salt may 
be used as a standard for the oxidizing power of the permanganate 
(Kolthoff, 1924). There is a sharp break in potential at the 
end-point; the potential rapidly assumes a constant value 
after additions of reagent. According to E. Miiller and H. 
Mollering 2° the break occurs just before the pink color of the 
permanganate is visible; the results are accurate. They found 


17, J. A. Verzijl, De Potentiometrische Zinktitratie, Diss. Utrecht (1923). 
18 Kelley, Adams and Wiley, J. Ind. Eng. Chem., 9, 780 (1917). 

191. M. Kolthoff, Chem. Weekblad, 16, 450 (1919). 

20%. Miiller and H, Méllering, Z. anorg. Chem., 141, 111 (1924). 
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the inflection-potential at 0.65 (against N.C.E.), in 0.4 N sul- 
phuric acid. This inflection-potential of course varies with the 
acid concentration of the solution. The reverse titration of per- 
manganate with ferrous sulphate is not practicable, as man- 
ganese dioxide is formed during the titration and reacts slowly 
with ferrous ion. Hence the titration must be made quickly. 
Inflection-potential + 0.76 volt. 

Miiller and Méllering (loc. cit.) found an inflection-potential 
of + 0.67 volt (in 0.4 N HCl) in the titration of ferrous salt in 
the presence of hydrochloric acid. They found the titration to 
be as accurate in this medium as in sulphuric acid solution. The 
authors can not confirm this result; because of chlorine forma- 
tion, the break occurs too late. Addition of manganous salt 
improves the result. 

Uranium: 


2MnOs.— + 5U*+*+ + 2H2O @ 2Mnt* + 5SUOgt*t + 4Ht, 
With the partial reactions: 
2MnO4- + 16H* + 106 = 2Mnt* + 8H20; 
&) = 1.217 volt (against N.C.E.) 
5U++++ + 10H20 @ 5U02++ + 20H+ + 100; 
& = 0.100 volt (against N.C.E.) 


As may be seen from the equations, the reduction potential of 
an uranous solution is also dependent upon the hydrogen-ion 
concentration: 


Utt+++ + 2H20 2 U02t* + 4H+ +20, 


a 0.059, [UOs++][H+}4 
E = @& + 2 log (Ut++4) 


Luther and Michie?! found the following values for the 


*1 Luther and Michie, Z. Elektrochem., 24, 826 (1908); Evans, J. Am, Chem. 
Soc., 31, 371 (1909); McCoy and Bunzel, ibid., 31, 367 (1909), 
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potential of an uranous-uranyl solution at different hydrogen- 
ion concentrations: 


[UO2**] (UO2**] 
= 10> = 103 
[Utt+4] [Utt* 4] 
{H*] 0.0611 0.278 0.538 0.0611 0.278 0.538 
E 0.194 0.271 0.304 0.368 0.445 0.478 


Titration.—D. T. Ewing and E. F. Eldredge 22 mix 10 cc. of 
uranium solution with 40 cc. of approx. 2 per cent sulphuric acid 
and warm to 80—90°. The air is removed with carbon dioxide. 
The solution is slowly passed through a Jones reductor which 
is finally rinsed with 50 cc. of 2 per cent sulphuric acid. The 
reduced solution is brownish because of the presence of trivalent 
uranium. ‘There are two jumps in potential in the titration with 
potassium permanganate: the first when U™ is oxidized to 
UY (the solution then becomes greenish), and the second when 
all U’’ is oxidized to UOz2++. From the amount of reagent used 
between the first and second breaks (U*Y — UOz**) the uranium 
content may be calculated. Ewing and Eldredge found no 
sharp break at the end of the oxidation of U’’ when the solution 
contained more than 2 per cent of sulphuric acid. The titration 
must be carried out in an atmosphere of carbon dioxide. 

R. G. Gustavson and C. M. Knudson were unable to con- 
firm the results of Ewing and Eldredge. After reduction they 
found all of the uranium in the quadrivalent form; according to 
their findings the titration is accurate in strongly acid solution 
(30 per cent sulphuric acid). 

E. Miiller and A. Flath-** failed to find trivalent uranium 
after reduction with zinc, thus confirming the results of Gus- 
tavson and Knudson. The authors would suggest that the 
degree of acidity during the reduction will have an influence 
upon the intensity of the reduction. A point of difference was 

221). T. Ewing and E. F. Eldredge, J. Am. Chem. Soc., 44, 1484 (1922). 


23 R. G. Gustavson and C. M. Knudson, J. Am. Chem. Soc., 44, 2756 (1922). 
24. Miiller and A. Flath, Z. Elektrochem., 29, 500 (1923). 
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that Gustavson and Knudson did not titrate in a carbon dioxide 
atmosphere. 

W. D. Treadwell ?> performed the reduction by slowly 
pouring the solution through a cadmium reductor, and collecting 
it in a vessel from which the air had not been removed. If the 
air is removed with carbon dioxide too much reagent is used. 
Hence Treadwell makes use of the statement of McCoy and 
Bunzel (loc. cit.) that trivalent uranium is readily oxidized in 
air to the quadrivalent form. The final titration of U’Y to UO2++ 
with permanganate is made in a stream of carbon dioxide. 
Treadwell recommends that the solution be warm when titrated 
as more regular results are obtained than in the cold. This has 
been confirmed by Miiller and Flath (loc. cit.) 

Uranium and Iron.—Ewing and Eldredge (loc. cit.) titrated 
the reduced solution with permanganate (or dichromate). 
There is a jump in potential after the oxidation of U’Y to UO2++; 
the iron is then oxidized, after which a second jump occurs. 
Gustavson and Knudson (loc. cit.) and Miiller and Flath (doc. 
cit.) found that the results were accurate, if the acidity was kept 
low after the reduction. Optimum concentration: 5 cc. conc. 
sulphuric acid per 250 cc. of solution. 

Vanadium.—According to Gustavson and Knudson (loc. cit.) 
vanadic acid is reduced by zinc in sulphuric acid solution to a 
salt of the oxide V2O2. In the permanganate titration this is 
first oxidized to V2Os3, then to V2Ou4, and finally to V205. We 
therefore find three potential breaks in the titration of the reduced 
solution, corresponding to the formation of these three different 
oxidation products. A high acidity was found to favor sharp 
inflections at the different end-points. According to Treadwell 
(loc. cit.) the reduction to V" may be accomplished by the 
cadmium reductor. E. Miiller and A. Flath (loc. cit.) found 
sharper maxima when the titration was made at 80°. 

Vanadium and Iron.—In the presence of iron three breaks in 
potential again occur; the volume of permanganate represented 
by the distance between the first and second inflections includes 


25 W. D. Treadwell, Helv. Chim. Acta, 5, 732,806 (1922); cf. also ibid., 2, 696 
(1919). 
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both the quantity used to oxidize the iron and that which is 
necessary to oxidize vanadium from the trivalent to the quadri- 
valent condition. Ifthe amount of permanganate used for the 
oxidation of V'™ to V’'Y—which is equivalent to the difference 
between the second and third inflections—is subtracted from the 
amount used between the first and second inflections, we have 
the volume used in the oxidation of the iron. The titration 
must be carried out in an indifferent atmosphere. 

Miiller and Flath (doc. cit.) did not confirm the results of 
Gustavson and Knudson in all particulars. When iron is present 
the end of the oxidation Fe" to Fe™ is indicated very sharply in 
the potential curve, but not that of V"" to V’Y. When titrating 
at 80° the break after the latter oxidation is very sharp, but that 
after the complete oxidation of iron is very vague. Miiller and 
Flath recommend that the solution be at 80° until the second 
jump in potential is reached; the liquid is then cooled and the 
iron is oxidized at room temperature. 

Vanadium and Uranium.—Gustavson and Knudson found 
in this instance, as in the case of iron and vanadium, that the 
volume between the first two inflections includes all of the 
uranium and one of the vanadium oxides. Therefore upon sub- 
tracting the volume used between the last two inflections, we 
have the amount of permanganate used in the titration of ura- 
nium. Miiller and Flath only found good results when the titra- 
tion was made at 80°. 

Vanadium, Uranium, and Iron.—The degree of acidity is of 
great importance in this case. Gustavson and Knudson add 
4 cc. of conc. sulphuric acid to 250 cc. of the solution; after the 
second inflection has been found an additional 4 cc. of the acid 
is added and the titration continued. The volume of reagent 
required between the third and final inflections represents one 
step in the oxidation of vanadium; that between the second and 
third inflection represents iron; whereas the volume between the 
first and second inflections is the sum of the permanganate neces- 
sary to oxidize all of the uranium and that required for the oxida- 
tion of the vanadium from the trivalent to the quadrivalent 
condition. Since the amount of permanganate necessary to 
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oxidize vanadium trioxide to the tetroxide is the same as that 
required for the oxidation of the tetroxide to the pentoxide, we 
can find the volume of reagent corresponding to the uranium by 
subtracting the volume representing the latter oxidation from 
the volume used between the first and second inflections. It is 
thus possible to calculate the quantities of vanadium, uranium, 
and iron from the data of a single titration. Miiller and Flath 
again recommend titration at 80° until the second sharp rise in 
potential, then at room temperature until the iron is oxidized, 
and finally at 80° until the last inflection is found. 

When the solution contains vanadium in the presence of a 
very large amount of iron, it is best to reduce the vanadic acid 
to the vanadyl condition with ferrous sulphate.2® The latter 
can be oxidized to vanadic acid by permanganate; best results 
are obtained at 70°-80°. An accurate vanadium determina- 
tion is possible, even when chromic salts are present.2” Miiller 
and Just add 50 g. of sulphuric acid per liter of solution and 
titrate at 70° until an inflection-potential of 0.91 volt (against 
N.C.E.) is reached. 

Niobium.—The hydrochloric acid solution of the metal is 
poured through the cadmium reductor five times. According 
to Treadwell?’ the niobium is then in the trivalent state and 
may be oxidized with permanganate or with ferric chloride. 

Molybdic Acid in hydrochloric acid solution is reduced by 
lead and may then be titrated with permanganate after the 
addition of manganous salt. According to Treadwell accurate 
results are obtained when air is excluded. 

Stannic solutions are also reduced by lead, and the stannous 
tin may be oxidized with permanganate (Treadwell). 

Titanic solutions are reduced to the titanous state in the cad- 
mium reductor (Treadwell). The reduced solution may be 
titrated with permanganate or dichromate. In the presence 


26 G. L. Kelley and J. B. Conant, J. Am. Chem. Soc., 38, 341 (1916); H. H. 
Willard and F. Fenwick, J. Am. Chem. Soc., 45, 84 (1923). 

27H. Miller and H. Just, Z. anorg. Chem., 125, 155 (1922). I. M. Kolthoff 
and O. Tomicek, Rec. trav. chim., 48, 447 (1924). 

28 W. D. Treadwell, Helv. Chim. Acta, 5, 732,806 (1922). 
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of iron two inflections are observed; the first corresponding to the 
completion of the oxidation, Ti" to Ti'’, and the second to 
Fe’ > Fe™. (Cf. p. 291 on the standardization of titanous 
solutions.) Treadwell used a platinized electrode upon finding 
that smooth electrodes did not give reproducible values. Kolt- 
hoff could not confirm this, and prefers bright platinum electrodes 
because the platinized ones catalyze the oxidation of the titanous 
solution. 

Indigo, Thioindigo, and Methylene Blue are reduced by the 
cadmium reductor (W. D. Treadwell) and may afterwards be 
titrated with permanganate, ferric chloride, or other oxidants. 
Care should be taken to exclude air. 

Manganous Salts may be titrated potentiometrically accord- 
ing to the Volhard-Wolff method. E. Miiller and O. Wahle 79 
have published several papers which deal with the application of 
this method. The reaction is represented by the equation: 


2MnO.- + 3Mntt + 2H20 @ 5MnO2 + 4Ht. 


The results are good only when the permanganate is added to the 
warm (80°—90°) solution, which must contain a sufficient amount 
of zinc sulphate, potassium nitrate, or other electrolyte. The 
results are in agreement with the usual Volhard method. 

A greater break is obtained when the titration is carried out 
in the presence of hydrofluoric acid. In this case the course of 
the reaction is: 


MnO.z- + 4Mn++ + 8H*+ @5Mn**+t + 4H20. 


Tencc. of 4N sulphuric acid are added to 100 cc. of the solution, 
which must contain 8 g. of potassium fluoride. The titration is 
made with the solution at 80° (platinum dish). The stirrer is of 
hard rubber and the end of the salt bridge, which dips into the 
solution, is a hard rubber tube. 

For the determination of manganese in presence of iron it is 
best to oxidize the iron with bichromate. If the oxidation is 
made with permanganate an excess of manganous ions is brought 


29 ©, Miiller and O. Wahle, Z, anorg. Chem,, 129, 33,278 (1923); 180, 63 (1923); 
132, 260 (1923). 
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into the solution, for which a correction must later be applied. 
Hence Miiller and Wahle (Joc. cit.) titrate the iron with potassium 
dichromate in acid solution until an inflection-potential of 
+ 0.575 volt (against N.C.E.) is reached. The solution, which 
does not contain an excess of dichromate, is run into a platinum 
dish and treated with fluoride. The manganese is then titrated 
as described above. 

2. Potassium Dichromate.—The oxidizing action of dichro- 
mate may be represented by the equation: 


Cr2O07= + 14H+ + 6 ‘s) Zero Lae + 7H20, 
and the potential relations by: 


= 14 
ieee a seo log [Cr2O7 ][H+] 


(Crate |2 
When we keep the ratio [Cr2O7=] : [Cr+++]? constant, the 
electrode should change 14.22 = 0.135 volt for each varia- 


tion of 1 in px. 

The actual behavior of the dichromate electrode differs from 
that which we should expect from theoretical considerations. 
This conclusion follows from the experiments of Luther °° and of 
Kolthoff.21_ By way of illustration, some of the values which 
Luther 2° found are given in the following table. He diluted his 


MEASUREMENTS OF LUTHER 


E.M.F. against 


Electrolyte Added rats AgnAgCl rac EA 
bu Electrode pent nfs 
SE ORey UNIMOG ee sos c 0 1.56 
eto OD NHC 1 1.32 a 
Ht yol, 0.02 NHCl..0 1... 2 1.18 ve 
+1 vol. acetate mixture....... 3 1F 1S: 0.05 
+1 vol. acetate mixture....... 4 1.08 0:05 
+1 vol. acetate mixture....... 5 1.02 0.06 
+1 vol. acetate mixture....... 6 0.93 0.09 


30 R. Luther, Z. physik. Chem., 30, 653 (1899). 
$17, M. Kolthoff, Chem, Weekblad, 16, 450 (1919). 
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standard mixture, which consisted of 0.2 N potassium chromate 
and 0.1 N chromic sulphate, with one volume of the electrolyte. 
the measurements were made against the 0.1 N silver-silver 
chloride electrode. 

Luther remarks that the measurement is attended with many 
difficulties, as Kolthoff also found. The latter found that it 
makes a considerable difference whether the solution is acidified 
with sulphuric or hydrochloric acid. Some of his recent measure- 
ments (unpublished) are given in the following table. The 
potassium dichromate was 0.01 N (1/300 molar), and the solutions 
were of different py. The electrode was a bright platinum 
gauze. Measurements were at 25° against N.C.E. 


MEASUREMENTS OF KOLTHOFF 


—— ~ <r! 


Concentration of Added Electrolyte Approximate py ie ree a ao 

4.5 0.428 
Biphthalate — Hydrochloric Acid Buffer.. .| 3 0.492 
OROMMNESOl ph iurictacid ane eer ern 2 0.578 
OgiZoeNesulphuriccacid.arr eee eee 1 0.655 
2 INesulphuricacid mere eee eee 0 0.785 
OROMSNehydrochloneacidiaereaa.er anne: 2 0.580 
Onieee Ne by drochloriciacidsarss ter emer 1 0.600 
1 iINehydrochloricacld seus nese eee 0 0.691 
1 N hydrochloric acid, CrCl3......... 0) 0.689 


From these tables we see that there is no regular relation 
between py and the oxidation potential of dichromate. More- 
over, the effect of trivalent chromium is very peculiar. Some- 
times the potential increases with increasing amount of chromic 
ion, instead of the electrode becoming less noble as we should 
expect. This may be an explanation of the peculiar shape of the 
titration curve of dichromate and ferrous iron.” As the beha- 
vior of the dichromate electrode has not yet been explained 
from a theoretical point of view, it is not possible to make exact 


32 Cf, for example, Forbes and Bartlett, J. Am. Chem. Soc., 35, 1535 (1913). 
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calculations of the value of the equivalence-potential when 
dichromate is the oxidant. It is, however, a very suitable reagent 
in the titration of various reductants as it is a strong and rapidly 
acting oxidant. In most cases, the reduced form of metals, etc., 
which may be titrated with permanganate (cf. § 1), e.g., ferrous 
iron, uranous salts, etc., may also be titrated with dichromate. 

The potassium dichromate may readily be obtained in a pure 
condition by recrystallizations from water and drying at 200°, 
or better, melting in an electric oven. 

Titration of Ferrous Tron: 


CrsO7> +214 OF ess a 2Cro sf HsO > 6Fetrs: 
With partial reactions: 
Cr2O7= + 14H+ + 66 & 2Crt++ 4+ 7H20, 
6Fe++ = 6Fet++ +66. 


In his classical paper, J. H. Hildebrand 3° made a study of 
the potentiometric titration of ferrous iron with bichromate. 
Neither he nor G. S. Forbes and E. P. Bartlett 4 discuss the 
accuracy of the titration. Kolthoff3° showed that the acidity 
was of importance; sulphuric acid as well as hydrochloric acid 
may be used. In agreement with Kolthoff, M. Eppley and W. C. 
Vosburgh 3° showed that constant results are obtained in solu- 
tions of which the acid concentration is between 0.4 and 2.5 N 
hydrochloric, or above 0.4 N sulphuric (cf. Hildebrand, loc. cit.) 

Dissolved air has a negligible effect on the titration. The 
results are somewhat dependent on the dilution of the solution. In 
the titration of 0.01 N ferrous solution, the amount of dichromate 
required is about 0.4 per cent higher than the calculated amount; 
the deviation increases slowly in more dilute solutions. Hydro- 
fluoricand phosphoric acids have almost no influence on the result. 
W. D. Treadwell and L. Weiss 3” found that a warm solution 


33 J. H. Hildebrand, J. Am. Chem. Soc., 35, 847 (1913). 

34 G. S. Forbes and E. P. Bartlett, J. Am. Chem. Soc., 35, 1535 (1913). 
8° I. M. Kolthoff, Chem. Weekblad, 16, 450 (1919). 

36 M. Eppley and W. C. Vosburgh, J. Am. Chem. Soc., 44, 2140 (1922). 
37 W. D. Treadwell and L. Weiss, Helv. Chim. Acta, 2, 695 (1919). 
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acidified with sulphuric acid could be titrated with an accuracy 
of about 0.5 per cent. In the authors’ opinion, a further system- 
atic study of the factors which influence the accuracy of the 
ferrous iron-dichromate titration would be very desirable. 

J. C. Hostetter and H. S. Roberts 3% have applied the poten- 
tiometric method to the determination of traces of iron in com- 
mercial salts. The titration is carried out in an atmopshere 
of indifferent gas; the accuracy is about 1 per cent. 

The method has also been applied to the determination of 
iron in optical glasses,® and of iron in magnetite.?° 

The reverse titration—dichromate with ferrous iron—has 
been applied by G. L. Kelley and J. B. Conant 4! for the deter- 
mination of chromium in steel. According to Eppley and Vos- 
burgh (doc. cit.) the results of this titration agree with the titra- 
tion of ferrous iron with dichromate. 

Titration of Trivalent Antumony.—M. H. Fleysher 4? oxi- 
dizes the trivalent antimony with dichromate. The rise in 
potential at the end-point is only 80-100 millivolts. 

Stannous Salts —According to Fleysher the jump in potential 
at the end-point is very large (cf. also Hostetter and Roberts 
(1919), and H. R. Adam (1924)). Fleysher does not mention 
the course of the potential in the titration of a mixture of stan- 
nous and antimonious solutions. Stannous tin is first oxidized, 
after which there is a sharp potential change; the oxidation of 
antimony to the quinquivalent state then follows. Instead of 
making this simple titration, Fleysher removes the stannous 
ion by adding mercuric chloride and titrates the antimony 
without previous filtration. He remarks that arsenious solutions 
may be titrated in a similar way. In the authors’ opinion this 
mode of titration gives rise to many difficulties. 

Iodide.—1I. M. Kolthoff** studied the titration of iodide 


38 J. C. Hostetter and H. S. Roberts, J. Am. Chem. Soc., 41, 1337 (1919). 

39 J. B. Ferguson and J. C. Hostetter, J. Am. Ceramic Soc., 2, 608 (1919). 

40H. R. Adam, J. S. African Chem. Inst., 8, 7 (1925). 

41G. L. Kelley and J. B. Conant, J. Ind. Eng. Chem., 8, 719 (1916); cf. also 
ibid., 9, 780 (1917); 18, 1053 (1921). 

42M. H. Fleysher, J. Am. Chem. Soc., 46, 2725 (1924). 

431. M. Kolthoff, Rec. trav. chim., 39, 208 (1920). 
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with dichromate. The break is very small when the solution is 
acidified with sulphuric acid. When hydrochloric acid is used, 
far better results are obtained. In about 1 N HCl solution the 
results are accurate to 0 to 0.4 per cent. Bromides decrease the 
jump in potential, but it is still possible to titrate with an accu- 
racy of 1 per cent when the ratio I~ : Br- is larger than 1 : 5. 


W.S. Hendrixson “4 says: ‘“‘ Apparently hydriodic acid can 
be titrated directly against neither dichromate nor iodate by 
running their solutions into hydriodic acid to the end-point. 
There is no such abrupt rise in potential as in the case of perman- 
ganate, and the position of the end-point is not so evident.” 
In a later paper Hendrixson*® states that the direct titration 
with dichromate is possible in sulphuric acid solution of at least 
2 N concentratien, if sufficient time is allowed near the end-point 
for the reaction to reach completion. At least half an hour is 
required to reach the end-point without overstepping. Hen- 
drixson did not use hydrochloric instead of sulphuric acid. 

3. Oxidation with Potassium Iodate.—The oxidizing action 
of iodate ion may be represented by the equation: 


103- + 6H? +602 1- + 3H20. 


Potassium iodate may be obtained in pure condition by recrys- 
tallization from water and drying at 180°. 

Iodide.—According to I. M. Kolthoff,4® the potentiometric 
titration of iodide with iodate yields very accurate results. The 
reaction is represented by the equation: 

— + 5I- + 6Ht & 3H20 + 3le. 

With partial reactions: 
1Q;—-F 6H * >) © <= alo 320 
Mie SG Gey 


The solution may be acidified with hydrochloric or sulphuric 
acid. The potential becomes steady very soon and a sharp break 
44.W.S. Hendrixson, J. Am. Chem. Soc., 48, 19 (1921). 


45 W.S. Hendrixson, J. Am. Chem. Soc., 48, 1313 (1921). 
467, M. Kolthoff, Rec. trav. chim., 39, 212 (1920). 
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occurs at the equivalence-point. Accuracy, 0.1 per cent. 
Presence of bromide decreases the accuracy and the magnitude 
of the potential break, but good results are obtained when the 
ratioI : Brislarger than1 : 5. 

W. S. Hendrixson 4’ studied the titration of iodate with 
iodide. He found it impracticable in hydrochloric acid solution 
because of reaction between acid and iodate (volatilization of 
chlorine?). With sulphuric acid he found a sharp end-point 
although the reaction at the end-point is slower than in the titra- 
tion of iodide with permanganate. 

Recently E. Miiller and D. Junck 48 have studied the iodide- 
iodate reaction. They recommend that the solution be acidified 
with sulphuric acid. With the use of hydrochloric acid the 
break decreases with increasing acid concentration because of the 
formation of iodine chloride: 


21— + 103- + 6H* + 3Cl- = 31Cl + 3H20. 


When this reaction is complete a second jump in potential 
occurs even in solutions with a hydrochloric acid concentration as 
small as 0.4 N. Kolthoff was unable to confirm this statement, 
and he did not find a pronounced maximum at the point where 
ICI is formed quantitatively, even at higher acid concentra-~ 
tions. With the use of sulphuric acid, Miiller and Junck found 
an inflection-potential of + 0.652 against the N.C.E.*9 
Sulphite—W. S. Hendrixson *° studied the oxidation of sul- 
phurous acid with bromate, dichromate, and iodate. The 
amounts of bromate and dichromate are less than those required 
by theory for the complete oxidation to sulphate, to about the 
same extent as the results for permanganate. The discrepancy 
is attributed to the same cause, the formation of dithionic acid 
which resists further oxidation. On the other hand, iodate 
oxidizes sulphite completely to sulphate. It is recommended 
that the sulphite solution be added to that of the iodate. Two 
47 WJ. S. Hendrixson, J. Am. Chem. Soc., 48, 861 (1921). 


48 &. Miiller and D. Junck, Z. Elektrochem., 31, 200 (1925). 
49 On p. 205 of their paper, Miiller and Junck recommend an inflection-potential 


of + 0.580 volt. 
50 W, S. Hendrixson, J. Am. Chem, Soc., 47, 1319 (1925), 
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sharp breaks in potential occur at the completion of the equa- 
tions: 

2103- + 5SO3= + 2H+ & Ip + 5804= + HeO (1st break), 
and 


Tz + SO3= + H20 @ 2H+ 4+ 2I- + SOg= (2nd break). 


The results were accurate when the iodate was 1 to 3 N with 
respect to sulphuric acid. 

Thiocyanate.—F. Fenwick °! applied the Andrew method for 
the oxidation of thiocyanate with iodate.°* The reaction is: 


4CNS—-+ 6103- + oCl- +- 8H * = 
4SO4-= + 6ICl + 4HCN + 2H20. 


Miss Fenwick used the polarized bimetallic system. She 
states: ‘In a solution containing not less than 10 per cent by 
volume of conc. hydrochloric acid, to prevent the hydrolysis 
of iodine monochloride, the electrometric end-point in titrations 
with iodate is very sharp.” . . . “ The initial potential is low, 
beginning to rise slightly about 0.4 cc. before the completion of 
the reaction. The final break is very sharp, about 250 milli- 
volts during the addition of 0.02—0.03 cc. of the titrating solu- 
tion. There is no further appreciable rise or fall; the usual fall 
with excess of oxidizing agent is absent.” . . . “ The titration 
may be carried out more rapidly and accurately than with the 
usual chloroform indicator.” Probably the ordinary potentio- 
metric system will also give accurate results. 

4. Oxidation with Potassium Bromate.—The oxidizing action 
of bromate may be represented by the equation: *? 


BrO3- + 6H+ + 60 —Br- + 3H20. 


Potassium bromate may be obtained in pure state by recrystal- 
lization from water and drying at 180°. 


51F, Fenwick, Dissertation, Ann Arbor (1922), p. 76. 

52 Andrew, J. Am. Chem. Soc., 25, 756 (1903); Jamieson, Levy and Wells, 
J. Am. Chem. Soc., 30, 760 (1908). 

53 Cf. Luther and Sammet, Z. physik. Chem., 58, 641 (1905). 
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Ferrous Tron: 
BrO3- + 6H+ + 6Fet+t+ = Br- + 3H2O + 6Fettt. 


I. M. Kolthoff *4 used the potentiometric method for the titra- 
tion of ferrous iron with bromate. When the solution was 
acidified with hydrochloric acid a sharper break was obtained at 
the end-point than with the use of sulphuric acid. Although 
the odor of bromine is noticeable during the titration, the results 
are accurate to about 0.3 to 0.5 per cent. Phosphoric acid 
makes the inflection vague and should not therefore be used. 

According to F. Fenwick (Joc. cit.) the oxidation of ferrous 
iron by bromate is slow, but in the presence of a small amount of 
a cupric salt the velocity of the reaction is increased to such an 
extent that an excellent end-point is obtained. A high concen- 
tration of hydrochloric acid is necessary; about 15-20 per cent 
gives ideal results; the end-point is very sensitive. The mag- 
nitude of the break (bimetallic system) is not great—about 
30 to 40 millivolts—but the drop in potential with excess of 
_ reagent is more than usually distinct because of the formation 
of free bromine. 


Cuprous Copper: 
BrO3— + 6H* + 6Cut @ Br- + 3H20 + 6Cutt. 


E. Zintl and H. Wattenberg *® reduce the cupric solution 
with an excess of titanous chloride solution and titrate back with 
potassium dichromate or bromate. The excess of titanous salt 
is first oxidized: 


BrO3- + 6H+ + 6Tit++ 2 Br- + 3H20 + 6Tit+++, 


and then the cuprous salt. 

The amount of reagent required between the first and second 
jumps in potential corresponds to the copper content. The best 
results are obtained when the solution contains 4 to 8 per cent 
of hydrochloric acid and the titration is made at 80°. Air is 
removed by the passage of a stream of carbon dioxide. When 


541. M. Kolthoff, Chem. Weekblad, 16, 457 (1919). 
55 I). Zintl and H. Wattenberg, Ber., 35, 3366 (1922). 
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the bromate or dichromate is not prepared in air-free water 
a correction is applied because 0.25 per cent too little reagent is 
used. (The correction will be dependent upon the dilution of the 
solution.) Ammonium salts have an interfering action; iron is 
titrated with the copper. When the titanous solution contains 
iron, as is usually the case, a correction has to be applied for the 
iron (cf. application of titanous salts, p. 292). Nitric acid also 
has a disturbing influence unless enough reagent is added to 
reduce it completely. Even in this case it requires a long time 
for the potential to become constant. 


Arsenic and Antimony: 
++ 
BrO3- + 6H+ + 3As+t++ @ Br- + 3H20 + 3Ast++, 


According to Zintl and Wattenberg,*® trivalent arsenic and 
antimony bchave in the same way, and may be titrated with 
bromate at room temperature when the solution contains at 
least 5 per cent of hydrochloric acid. Inflection-potential in 
both cases, + 0.78 volt (against N.C.E.). 

The method is very suitable for the determination of anti- 
mony in the presence of arsenic. The sum of the two 
-lements is determined by bromate titration. Quinquiva- 
lent arsenic is only reduced with great difficulty, while the 
antimony is completely reduced to the trivalent state by an 
excess of titanous chloride. The solution of the quinquivalent 
antimony, which must contain at least 5 per cent of hydrochloric 
acid, is heated to boiling, and titanous chloride is run in until 
the potential of the bare platinum electrode is 0.3 volt (against 
N.C.E.). A few drops of 3 per cent copper sulphate are then 
added and the liquid is stirred in the presence of air until the 
potential has increased to 0.5 volt. At this point the excess of 
titanous solution has been oxidized; the process is accelerated 
by the presence of the copper salt. The antimony, now entirely 
in the trivalent state, is titrated with bromate. Under the con- 
ditions above described, arsenic is not reduced by the small 
excess of titanous chloride, if the excess is removed soon (cf. 


56. Zintl and H. Wattenberg, Ber., 56, 472 (1923). 
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p. 294). Hence we may determine antimony in the presence 
of arsenic by this simple process. 

Iodide.—Hydriodic acid may be titrated directly with bro- 
mate solution in the presence of hydrochloric or sulphuric acid. 
In the former case, Kolthoff*’ obtained the best results 
when the solution was 0.7 N with respect to HCl. The 
theoretical results were obtained. A disadvantage is that it 
takes a long time for the potential to become constant near the 
equivalence-point. The break is much smaller when bromide 
is present; yet Kolthoff obtained results which did not differ 
more than 0.2 per cent from the theoretical value when the ratio 
I: Br was not larger than 1:5. W. S. Hendrixson *® titrated 
in the presence of at least 2 N sulphuric acid. The last drops 
of bromate solution must be added very slowly in order to avoid 
running past the end-point. According to Hendrixson the 
titration requires at least fifteen minutes merely to obtain the 
correct end-point, and much longer to construct the titration 
curve. The results are very concordant. He found a good 
potential break in hydrochloric acid solution, but it appeared 
too late (error, 1.2-2.5 per cent). He therefore recommends 
the use of sulphuric acid. 

5. Titration with Other Oxidants.— Use of Hypochlorite in 
Determination of Sulphite—WHypochlorite oxidizes sulphite to 


sulphate: 
ClOse re SOss = Cl 50a: 


Bechler ®® has applied this reaction potentiometrically. 
The magnitude of the break decreases with increasing alkalinity. 
A good end-point is obtained in a suspension of magnesium 
hydroxide and the method may therefore be used for the deter- 
mination of sulphur dioxide in gases that contain carbon dioxide. 
Inflection-potential, + 0.32 volt (against N.C.E.). In the 
authors’ opinion there is danger of volatilization of hypochlorous 


57T. M. Kolthoff, Rec. trav. chim., 39, 211 (1920). 

58 W. S. Hendrixson, J. Am. Chem. Soc., 43, 1311 (1921). 

59 Bechler, Dissertation, Dresden (1922); cf. E. Miiller, Die Elektrometrische 
Massanalyse, 2d Ed., p. 141. 
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acid when the gas which is to be tested is passed through the 
solution. 

The A pplication of the Potentiometric Method in the Technical 
Preparation of Hypochlorite—E. Miiller °° has made a very 
promising application of the potentiometric method in the tech- 
nical preparation of solutions of calcium hypochlorite and 
sodium hypochlorite. The latter solution has distinct advan- 
tages over the calcium salt solution, because the calcium salt 
may be taken up by cotton which is being bleached and later 
cause stains. 

When chlorine is passed into a sodium hydroxide solution, 
a solution of high sodium hypochlorite content is obtained. 
The solution is most efficient in action when equivalent amounts 
of alkali and hypochlorous acid are present. When such a solu- 
tion bleaches fabric no acid is formed; on the other hand, the 
solution is not so alkaline as to give a rapid decomposition into 
chlorate. We can not use an indicator in the preparation of 
such an ‘‘ equivalent ” hypochlorite solution because the indi- 
cator is destroyed by the oxidant. The potential of an unattack- 
able electrode, however, serves as an indicator. The potential 
of a hypochlorite electrode is dependent upon the hydrogen-ion 
concentration of the liquid: 


ClO- + 2H++262Cl- +4 H20, 
and 
(25°). 


When a hypochlorite solution is prepared from sodium 
hydroxide and chlorine we have at the equivalence-point: 


[ClO=|= [Clay and= Ex= 07059) lox [Ha 


We see that near the equivalence-point the electrode changes 
its potential in the same manner with hydrogen-ion concentra- 
tion as the hydrogen electrode; there will be a break in potential 
at the equivalence-point. 

With a platinum electrode the potential is not definite 


60 E. Miller, Z. Elektrochem., 31, 323 (1925), 
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before chlorine is passed into the solution; the electrode acts 
as an air electrode. Upon the addition of a little chlorine the 
more positive hypochlorite potential is established and remains 
almost stationary until the equivalence-point is approached, 
when a sharp break occurs. The potential depends upon the 
shape and material of the electrode; a higher potential is found 
with a wire than with a foil. If a platinum gauze is used 
the inflection-potential lies at + 0.72 volt (against N.C.E.). 
By titrating to this point Miiller obtained the following results: 


Initial Concentration | Final Concentration 
of NaOH of NaOH 
2.945 N 0.035 N 
2.875 N 0.050 N 
2.825 N 0.040 N 
9.025N 0.052 N 


Hence, there is still a small excess of free sodium hydroxide at the 
equivalence-point. 

Although the Miiller system, in which the inflection-potential 
is used, yields good results, Miiller attempted to devise a simpler 
method for technical use. The bimetallic system was not sat- 
isfactory for this purpose, although a carbon electrode in alkaline 
hypochlorite solution is much more positive (about 0.5 volt) than 
one of platinum or palladium. 

Miiller prefers the use of a “retarded” electrode. When 
the carbon electrode and a metal (gold or platinum) electrode 
having a potential lower than than that of carbon are dipped 
* into sodium hydroxide, it is possible, by wrapping the metal 
electrode with asbestos cord, to cause the hypochlorite that is 
formed to come into contact with the two electrodes at different 
rates. The covered, or retarded, electrode attains its values 
more slowly than the other. At the equivalence-point the car- 
bon electrode has its final value, whereas the covered metal elec- 
trode has a value which corresponds to a more alkaline solution. 
Hence such a combination of electrodes gives zero deflection 
of a galvanometer when the end-point is reached. 
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Instead of a galvanometer, Miiller uses a millivoltmeter of 
372 ohms internal resistance. With zero deflection of the volt- 


Fic. 44.—Miiller immer- 
sion electrode (hypochlo- 
rite manufacture) 


meter he found that the alkalinity of the 
liquid was 0.2, 0.02,and 0.15 N. Although 
the method is very simple it has uncer- 
tainties, as may be seen from the changing 
end-concentrations of sodium hydroxide. 
The results are dependent upon the rate 
at which the chlorine is passed in, and 
the extent of insulation of the retarded 
electrode. Hence the use of the method 
involving inflection-potential is to be pre- 
ferred, and the use of the retarded electrode 
is not recommended. 

The most practical device consists in 
the use of the Pinkhof system with platinum 
foil as indicator electrode and a similar 
electrode which is placed in an “ equival- 
ent” solution of sodium hypochlorite. 
The latter is not easily obtained. There- 
fore in place of it Miiller advises the use 
of calcium chloride mixed with milk of 
lime. He describes the apparatus as 
follows: 

It consists of a glass tube, A, with a 
wide flattened portion, B. This portion 
has an indentation in its periphery, in 
which the tight-fitting rubber ring, R, is» 
placed. The clay cell, T, fits snugly over 
the ring. (A one-hole rubber stopper may: 
be used instead of the enlargement, B, 
and the rubber ring.) Two pieces of 
platinum foil, Pi, Pe, are fastened firmly 
to the glass tube above and below the 
enlarged portion, B, respectively. Elec- 
trical connection with these foils is made 


by platinum wires sealed through the glass tube, A. One end 
of each wire is welded to a foil (P; or Pz), the other to a copper 
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lead-wire (D; or D2). The interior of the tube A may be filled 
with paraffine, or other insulating material. 

The lower foil, Pz, serves as a reference, the upper as an 
indicator electrode. The whole device is as easily manipulated 
as a thermometer. The clay cell, T, is filled with milk of lime 
and calcium chloride. If hypochlorous acid should penetrate 
the cell T, it would be neutralized by the lime (which is present 
in excess). On the other hand, any sodium hydroxide which 
might enter would not increase the hydroxyl-ion concentration 
materially because of the buffering action of the calcium chloride. 

As this immersion cell gives a rather large current, a rela- 
tively insensitive millivoltmeter or galvanometer may be used. 
It is better, however, to use a more sensitive instrument, with 
suitable resistance interposed, in order to prevent polarization 
of the cell. 

Potentiometric Titration of Cyanide with Halogens.—Chlorine, 
bromine, and iodine react with the cyanide ion to form halogen 
cyanide: 

Kot CN= 2 CNX cS 
where X is halogen. 

If the reaction proceeds quantitatively, left to right, there will 
be a jump in potential when all of the halogen is transformed into 
halogen and cyanide. Since chlorine is the strongest oxidant 
the jump will be greatest in titrating with chlorine and least with 
iodine. According to E. Miiller and A. Schuch °! the inflection- 
potential in the titration with chlorine is not the same as in the 
reverse titration. The authors suggest that this may be due to 
a partial oxidation of cyanide to cyanate. 


INFLECTION-POTENTIAL AGAINST NORMAL CALOMEL ELECTRODE 


Starting With 
Reactions 
Halogen KCN 
Cl, + CN~ & CICN + C17 +0.560 +0.790 
Br. + CN7~ @ BrCN + Br7 +0.580 +0.580 
I, + CN~- 2ICN + 1- +0.210 +0.220 


61, Miiller and A. Schuch, Z. Elektrochem., 31, 332 (1925). 
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The titration is not of much importance from an analytical 
point of view. The potentiometric method, however, is a rapid 
and convenient means of preparing a solution of halogen cyanide. 
Miiller and Schuch describe a practical arrangement for this pur- 
pose. 

Titrations with or of Iodine.—Iodometric titrations may be 
carried out potentiometrically. The inflection-potential depends 
upon the iodide and iodine concentration of the solution. The 
potentiometric method is of distinct advantage in the titration 
of very dilute solutions. G. Oesterheld and P. Honegger ® have 
applied the method to the determination of copper: 


2Cutt+ + 4I- @ 2Cul + Ie 
Ig + 28203= @ S4O6= + 2I-. 


C. S. Robinson and O. B. Winter ® have studied the potentio- 
metric titration of sulphite with iodine, in bicarbonate medium. 
Details of these methods are omitted because in most prac- 
tical, cases the usual iodometric method will be used. 
Titration with Ferric Salts. The Potentiometric Titration of 
Fluorides —A. Gruff,®* applied the fact that ferric ions combine 
with fluoride to form a complex in the titration of fluoride: 


6F- + Fett+t+ @ FeF =. 


According to W. D. Treadwell and A. Kohl ®° the method does 
not give reliable results. They therefore attempted to detect 
the end-point by the potentiometric method. 

Since ferrous ion does not form a complex with fluoride, the 
ferrous-ferric electrode will serve for the titration of fluoride. 
Treadwell and Kohl used a platinized electrode; in other respects 
the apparatus was as described on page 150. In agreement with 
Gruff, they found it necessary to saturate the solution with 
sodium chloride in order to obtain concordant results. The use 
of more soluble salts like sodium perchlorate or bromide had no 

62 G. Oesterheld and P. Honegger, Helv. Chim. Acta, 2, 410 (1919). 
63 C, S. Robinson and O. B. Winter, J. Ind. Eng. Chem., 12, 775 (1920). 


64.4. Gruff, Ber., 46, 2511 (1913). 
65 W. D. Treadwell and A. Kéhl, Helv. Chim. Acta, 8, 500 (1925). 
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advantages. Potassium chloride may be used in place of the 
sodium salt. The greatest jumps in potential were obtained 
when the solution contained 50 per cent of alcohol. The addition 
of about 1 per cent of ferrous chloride is recommended in order 
to establish steady potential values at once. 

Neutral solutions are very susceptible to atmosphereic oxida- 
tion. Presumably this is due to the use of platinized platinum 
which is an excellent catalyst for oxidation by air. The use of 
a smooth platinum electrode is therefore suggested. The plat- 
inized electrode gives good results if the titration is carried out 
in an atmosphere of carbon dioxide. Before the titration the 
fluoride solution, in a platinum dish, is neutralized, phenol- 
phthalein being used as indicator. The solution should be as 
concentrated as possible. The liquid is transferred to the titra- 
tion flask, a minimum amount of wash-water being used. After 
saturation with sodium chloride, an equal volume of alcohol is 
added to the solution. The volume must not be greater than 
100 cc. A brisk stream of carbon dioxide is now passed through 
the solution to remove air and to provide the requisite slight 
acidity. 

The reagent is 0.1 N ferric chloride solution to which about 
1 per cent of ferrous chloride is added. If the end-point is to 
be sharp the solution may not be more acid than a 0.001 N HCl 
solution. 

The authors conclude from the data of Treadwell and Kohl 
that the accuracy of this titration is not very high. Even in 
the titration of 10 cc. of 0.1 N fluoride the uncertainty in the 
result seems to be of the order of 4 to 5 per cent. Treadwell and 
Kohl state that amounts as small as 5 mg. of fluoride may be 
determined with an accuracy of 0.5 mg. But this is a relative 
error of 10 per cent. On the other hand, it should be remarked 
that there are no simple methods for the titration of fluoride, and 
therefore if a high order of accuracy is not required the method 
of Treadwell and Kohl may be recommended. 

Ferric Chloride in the Determination of Tin.—J. Pinkhof °° 
obtained irregular results in titrating stannous solutions with 

66 J. Pinkhof, Dissertation (1919), (Amsterdam), p. 48. 
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ferric chloride, in hydrochloric acid solution. According to 
Kolthoff’s experiments the method yields good results when the 
air is removed by an indifferent gas. 

Cupric Solution in Sugar Determinations.—W. L. Daggett, 
A. W. Campbell, and J. L. Whitman ® add the reducing- 
sugar solution slowly to boiling Fehling’s solution and read the 
voltage between platinum and calomel electrodes after each 
addition. They found a characteristic titration curve which 
they did not reproduce in their paper. They mix 10 cc. of copper 
solution (17.45 g. per liter), 10 cc. tartrate solution (with 50 g. 
NaOH per liter) and 50 cc. of water. This mixture requires 
10.05 cc. of 1 per cent glucose solution. At the beginning of the 
titration the galvanometer deflection does not change rapidly, 
but just before the end-point a sharp break begins. These 
authors do not give many details. 


/Na 


Chloramine T: CH3< SO2NC Cl 


pee a 


This substance has been used as a disinfectant in recent years 
because it has a strong oxidizing action. It may be obtained 
in the pure state by recrystallization from water. Kolthoff 
(unpublished results) has employed it in the titration of iodides 
with highly accurate results. Ferrous iron was not readily oxi- 
dized. The authors would suggest that chloramine T may be 
used in the potentiometric titration of many reducing agents, 
especially in neutral or feebly alkaline solutions. 

6. Applications of the Ferri-ferrocyanide Electrode.—Accord- 
ing to the equation: 


-3H20. 


Feoc= @ Feic= 


the potential of a ferri-ferrocyanide mixture will be represented 

by: 

[Feic| 

EK = 0.059 log ———. 
pee eS [Feoc] 


It is evident from data in the literature, however, that the 


s7 W. L. Daggett, A. W. Campbell, and J. L. Whitman, J. Am. Chem. Soc., 45, 
1043 (1923). 
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potential of the ferri-ferrocyanide electrode is also dependent 
upon the salt concentration, and to a very special extent upon 
the hydrogen-ion concentration. The latter effect may be 
explained by the fact that hydrogen ferrocyanide is a much 
weaker acid than hydrogen ferricyanide. According to Schoch 
and Felsing,®® the potential depends on the concentration of 
potassium ion as follows: 
. 4x 
E = e + 0.0591 log Te (25°) 

where x varies from 0.725 to 0.75. 

According to measurements of Kolthoff °° the potential de- 
pends upon the hydrogen-ion concentration in the following way: 


E = g — 0.0591 log [HCl]?-22. 


Hence the oxidizing action increases with the acidity of the solu- 
tion. 

From the above it is evident that it is difficult to calculate 
inflection-potentials when working with the ferri-ferrocyanide 
electrode, because the potential is altered by the conditions 
under which we work. 

Two kinds of applications may be made of the Feic-Feoc 
electrode: 

A: Ferricyanide is used as an oxidant. 

B: Ferrocyanide is used as a precipitant (its reducing action 
can not be readily applied). 

A. Oxidation with Ferricyanide.—Titration of Cerium.—The 
normal potential of the system Ce tt+ — Ce +*** is largely 
dependent on the hydrogen-ion concentration of the solution. 
In 50 per cent potassium carbonate it is equal to + 0.063 volt; 
in acid medium, + 1.6 volt referred to the normal hydrogen 
electrode. (Cf. E. Bauer and A. Glaessner.“°) Hence even the 

88 Cf. Schaum, Z. Elektrochem., 5, 316 (1899); Schaum and v. d. Linck, Z. 
Flektrochem., 9, 406 (1903); Lewis and Sargent, J. Am. Chem. Soc., 31, 355 (1909); 
FE. Miiller, Z. physik. Chem., 88, 46 (1914); Schoch and Felsing, J. Am. Chem. 
Soc., 38, 1928 (1916); Fredenhagen, Z. anorg. Chem., 29, 398 (1902). 


691, M. Kolthoff, Chem. Weekblad, 16, 1406 (1919). 
7. Bauer and A. Glaesner, Z. Elektrochem., 9, 534 (1903). 
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most powerful oxidizing agents are not able to oxidize trivalent 
cerium in acid solution. Therefore O. Tomicek “! has made use 
of oxidation in alkaline medium, with ferricyanide. P. E. 
Browning and E. Palmer’? had employed this method for 
ordinary titration, while Tomicek studied its adaptation from 
the potentiometric standpoint. 

The ferricyanide oxidizes the soluble potassium-trivalent 
cerium complex carbonates. An important fact is that none of 
the other rare earth or thorium salts are oxidized under these 
conditions, and trivalent iron is unaffected. 

The following reaction takes place: 


Fe(CN) = + Cet+++ 2 Fe(CN)o= + Cet+++. 


The concentration of potassium carbonate must not be more 
dilute than 20 to 25 per cent at the end of the reaction; other- 
wise powdery precipitates are formed during the titration and 
the results are low. 

Tomicek advises the following procedure: About three- 
fourths of the necessary amount of potassium ferricyanide is 
first added to the solution to be titrated, and carbon dioxide is 
passed through until all air is expelled. A strong potassium 
carbonate solution (about 50 per cent) is poured in, with 
continual stirring, until the solution contains about 30 
per cent of carbonate. The titration is then completed in the 
usual way. The potential of the bright platinum electrode 
changes in a very regular way, rapidly assuming a steady value 
after each addition of oxidant. The inflection-potential depends 
on the carbonate concentration, being shifted towards more 
negative values as the carbonate concentration increases. In 
24 per cent carbonate solution the inflection-potential is + 0.050 
volt (against N.C.E.); in 48 per cent solution, + 0.030 volt; in 
55 per cent solution, + 0.005 volt. The results are exact to 
within 0.1-0.2 per cent. Tomicek has applied the method to 
perocide (residue from monazite sand, containing cerium and 
cerite earths and sulphates) and to a pyrophoric iron alloy. 


710. Tomicek, Rec. trav. chim., 44, 410 (1925). 
72 P. E, Browning and E. Palmer, Z. anorg. Chem., 59, 71 (1908). 
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TITRATION OF TiraNous SotuTions. (Cf. p. 298.) 


Titration of Iodide.—The well-known iodometric titration of 
ferricyanide with iodide may be applied as a potentiometric titra- 
tion, and according to E. Miiller”* it gives good results when the 
following procedure is used: an excess of zinc sulphate is added to 
the solution to be titrated and the ferricyanide is run in. After 
one to two minutes the electrode potential is constant. Inflec- 
tion potential, 0.54 volt (against N.C.E.). Since the reaction 
is rather slow near the end-point the application of the Miiller 
system is dangerous. The zinc sulphate is added to accelerate 
the reaction between ferricyanide and iodide: 


2Fe(CN)6= + 21- 2 In + 2Fe(CN)o=. 


The zinc forms a double salt with the ferrocyanide, K2Zn3(Feoc)s, 
which is much less soluble than zinc ferricyanide. According 
to Miiller, the results are accurate. 

The reverse titration, that of ferricyanide, mixed with zinc 
salt, with iodide, is impracticable. 

Titration of Hemoglobin.—According to J. B. Conant,’4 
hemaglobin is oxidized to methemoglobin by ferricyanide. The 
normal potential of the hemoglobin-methemoglobin electrode 
system depends upon the hydrogen-ion concentration. Conant 
gives the following table: 

Pu Referred to N H2 Electrode 


+0.092 (+0.022) 
+0.115 (40.011) 
—0.016 (+0.040) 
—0.025 (+0.050) 


— 0 0OD 
WHA Moo 
ios) 


1 


B. Titration with Ferrocyanide.—Many metals form slightly 
soluble ferrocyanides. As we have seen, the potential of the ferri- 
ferrocyanide electrode depends upon the ratio [Feic] : [Feoc]. 
Now if we titrate a metal solution with ferrocyanide solution, 
containing a little ferricyanide,’> the Feoc is removed until all 
of the metal is precipitated and the potential of the electrode is 

73 E. Miiller, Z. anorg. Chem., 185, 265 (1924). 


74 J. B. Conant, J. Biol, Chem., 57, 401 (1923). 
75 Galetti, Bull. soc. chim., [2], 83 (1864); Z. analyt. Chem., 4, 213 (1865). 
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strongly positive. At the equivalence-point the ferrocyanide con- 
centration increases rapidly, and a sharp fall in potential occurs. 

Unfortunately, the method is limited in application because 
some metals give precipitates of inconstant composition. 

The potassium ferrocyanide is readily purified by recrystal- 
lization from water and drying over calcium chloride in a desic- 
cator. At constant weight the composition of the salt is 
K,Fe(CN)s:3H20. A #5 molar solution in water containing 1 
per cent potassium ferricyanide is a suitable reagent. Kolt- 
hoff’s experience shows that the solution is stable for a long time 
when protected from direct sunlight by being placed in a dark 
brown glass bottle. 

Titration of Zinc: 


3Znt++ + 2Feoc= + 2K+ @ Ko2Zn3(Feoc)e. 


The ordinary titration method of Galetti (Joc. cit.), improved by 
de Koninck and Prost,’® which involves the use of a uranyl salt 
as external indicator (spot plate), is inaccurate in dilute solution. 
Therefore Knauth 77 showed that the titration might be made 
by the potentiometric method. This was confirmed quite inde- 
pendently by F. R. von Bischowsky.’® G. Hedrich 7° made a 
special study of this titration, and concluded that the method 
gave highly accurate results. This was not confirmed by Kolt- 
hoff,8° who found that the potential break occurred before the 
equivalence-point was reached. 

Fr. Miiller 8! repeated a part of the work of Hedrich and 
found a deviation of + 0.2 per cent to — 0.3 per cent from the 
theoretical at room temperature and at 75°. As the zinc titra- 
tion is of great practical importance, I. M. Kolthoff and E. J. A. 
H. Verzijl 8? made a special study of the absolute accuracy of 

76 de Koninck and Prost, Z. angew. Chem., 9, 460, 564 (1896). 

™ Knauth, Dissertation, Dresden (1915). 

78 F. R. von Bischowsky, J. Ind. Eng. Chem., 9, 668 (1917). 

79 G, Hedrich, Studien zur elektrometrischen Titrationen von Zink, u. s. w., 
Dissertation, Dresden (1919). 

807. M. Kolthoff, Rec. trav. chim., 41, 425 (1923). 


81 Fr. Miiller, Z. anorg. Chem., 128, 126 (1923). 
827, M. Kolthoff and E. J. A. H. Verzijl, Rec. trav. chim., 48, 380 (1924), 
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the method, and confirmed Kolthoff’s former results. The 
titration may be made at room temperature or at 65°. In the 
latter case the titration can be finished in a shorter time than at 
room temperature, although in all cases the potential very 
slowly reaches a constant value near the equivalence-point. 
With an excess of ferrocyanide the potential reaches constancy 
much more rapidly, and hence in some cases it might be advan- 
tageous to add an excess of ferrocyanide and titrate back with 
zinc solution. 

The direct titration of zinc with ferrocyanide requires at 
least half an hour even at 65°. E. Miiller and K. Gabler 83 
recommend that the titration be carried to an inflection-potential 
of + 0.30 volt. Since the reaction is slow near the equivalence- 
point the danger of over-titrating is very great; another disad- 
vantage is that the inflection-potential is very dependent upon 
the composition of the solution. Acids decrease the break at 
the end-point. 

With regard to the accuracy of the titration, Kolthoff and 
Verzijl (loc. cit.) found the following values in the titration of 
100 cc. of 0.1 N zinc sulphate: 


ACCURACY OF THE ZINC TITRATION 


: Error in Per Cent of 
eaperatore Duriug Electrolyte Added Cubic Centimeters 
craton of Required Reagent 
152 (neutral) —1.04 
(CSS MN eu ote cane curr neler ieee Pgh ov an ott ys —0.9 
15% 0.12 N sulphuric acid —0.77 
- 0.12 N sulphuric acid \ ™ 
eS { +3 g. potas. sulphate i oe 
65° 5 g. potas. sulphate —0.45 
155 10 g. ammonium chloride —2.25 
65° 10 g. ammonium chloride —0.8 
155 20 g. ammonium sulphate —0.05 
65° 20 g. ammonium sulphate —1.15 


| 


It may be concluded from these results that the error is about 


83%, Miiller and K, Gabler, Z. analyt. Chem., 62, 29 (1923). 
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—1 per cent in neutral solution at room temperature, or at 65°. 
Addition of potassium sulphate improves the result; theoretical 
results are obtained when a large amount of ammonium sulphate 
is added and the titration is at room temperature. The long 
time required is a disadvantage in this case. At 65° the ammo- 
nium sulphate causes an error of — 1.1 per cent. 

In agreement with Hedrich (loc. cit.), Kolthoff and Verzijl 
(Joc. cit.) found the influence of ammonium chloride to be very 
peculiar. At room temperature it causes an error of — 2.2 per 
cent; at higher temperature it has no influence. They also 
found that a large amount of calcium chloride causes an error of 
— 2.5 per cent, and magnesium sulphate one of — 1.5 per cent. 
Small quantities of these salts have no influence. Large amounts 
of aluminum salts make the electrode insensitive. Manganese 
has a disturbing action because it forms a slightly soluble double 
salt with ferrocyanide. It must therefore be removed from 
solution, preferably by precipitation as manganese dioxide by 
persulphate in slightly acid solution. Iron salts interfere. 
Ferric iron may be rendered harmless by the addition of an 
excess of ammonium fluoride to the slightly acid solution. In 
this way zinc may be titrated in the presence of iron (Kolthoff and 
Verzijl). Ferrous iron must be oxidized before titration. Cop- 
per and cadmium salts must be separated from the zinc prior 
to the titration. 

W. D. Treadwell and D. Chervet §* stated that the composi- 
tion of a metal ferrocyanide depends upon the alkali metal of the 
ferrocyanide. They found, for example, that in titrating zinc 
with potassium ferrocyanide the precipitate had the composition, 
Ke2Zn3(Feoc)2, while the sodium ferrocyanide Zn2Feoc was 
formed. In the presence of caesium or rubidium ZnX2(Feoc)2 
is formed (X = Cs or Rb), and the break in potential is much 
greater than in the absence of these salts. 

Kolthoff and Verzijl 8° obtained a peculiar titration curve 


84 W. D. Treadwell and D. Chervet, Helv. Chim. Acta, 5, 633 (1922); 6, 550,559 
(1923). 

85 Kolthoff and Verzijl, Rec. trav. chim., 48, 388, 393 (1924); cf. also Fr, Miiller, 
Z, anorg. Chem., 128, 125 (1923), 
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when caesium was present. They explain the peculiarities of the 
curve as being due to the formation of a slightly soluble zinc- 
caesium ferricyanide of the composition 2 Zn3(Feic):Cs3Feic. 
In direct contradiction to Treadwell and Chervet, they did not 
note any influence of rubidium chloride on the titration curve 
of zinc. In agreement with Treadwell and Chervet, they found 
that sodium ferrocyanide formed Zn2Feoc, which, however, is 
transformed into NazZn3(Feoc)2 by an excess of this reagent. 
A similar result was obtained with hydroferrocyanic acid instead 
of the sodium salt, whereas Treadwell and Chervet state that 
pure zinc ferrocyanide is formed in this case. Kolthoff and 
Verzijl found two jumps in the potential curve when magnesium 
ferrocyanide was the reagent in acid solution: the first correspond- 
ing to the formation of Zn2Feoc, and the second to MgZn3(Feoc)s. 
Calcium ferrocyanide gave similar results in neutral solution, 
whereas barium ferrocyanide formed the pure salt, Zn2Feoc. 

F. Fenwick 8° has applied the bimetallic system in the titra- 
tion of zinc with potassium ferrocyanide. The original poten- 
tial difference is high on account of the irreversible nature of the 
potential of zinc on platinum. “ The end-point is marked by 
a fall in potential during the addition of a rather larger volume 
of the titrating solution than is the case in determinations employ- 
ing a stronger reducing (or oxidizing) agent.” The point of 
maximum rate of change in potential is easy to detect. Miss 
Fenwick does not state the absolute accuracy of the method. 

Determination of Cadmium.—In the titration of a cadmium 
salt with potassium ferrocyanide, the break in potential does not 
occur exactly at the point corresponding to the formation of 
Ke2CdFeoc (Hedrich, loc. cit.). The deviation becomes smaller 
as the solution becomes more dilute. In 0.001 N solution, pure 
Ke2CdFeoc is precipitated. According to Treadwell and Cher- 
vet (Joc. cit.) the addition of a caesium or rubidium salt improves 
the result; this statement was not confirmed by Fr. Miiller 
(loc. cit.). In agreement with Miiller, Kolthoff and Verzijl 
stated that the titration of cadmium with ferrocyanide did not 
yield exact results. When sodium ferrocyanide is used instead of 

86 F. Fenwick, Dissertation, Ann Arbor, Mich. (1923), p. 80. 
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the potassium salt, pure cadmium ferrocyanide is precipitated 
(Treadwell and Chervet). According to Fr. Miiller, accurate 
results are obtained. 

Zinc and Cadmium in the Same Solution.—According to 
Hedrich (loc. cit.) there are two jumps in potential, one corre- 
sponding to the complete precipitation of zinc as K2Zn3(Feoc)s, 
and the second to K2CdFeoc. Kolthoff (unpublished data) did 
not succeed in obtaining good results. Fr. Miiller used sodium 
ferrocyanide, but failed to improve the method in this way. 

Determination of Lead: 


2Pbt++ + Feoc= = PbeFeoc. 


According to E. Miiller and K. Gabler §” the direct titration 
of lead with ferrocyanide gives good results when the lead con- 
centration is larger than 0.01 molar. In dilute solution too little 
reagent is required to reach the inflection-point. Kolthoff was 
able to confirm these results. When the titration is performed 
at 75° the potentials soon become constant. Inflection-poten- 
tial, + 0.18 volt (against N.C.E.). In the presence of large 
amounts of acetate the determination is no longer practicable, 
because of the formation of complex lead acetate. F. Fenwick 
(Joc. cit.) has applied the bimetallic system, and recommends the 
titration of a cold solution. 

Separate Precipitation of Zinc and Lead.—In the titration of 
a mixture of zinc and lead salt with potassium ferrocyanide, the 
first potential break occurs after precipitation of the zinc, and the 
second after the lead ferrocyanide is formed quantitatively. 
The titration is not practicable, however. Therefore Miiller 
and Gibler recommend the titration for the sum of the metals 
at 75° (inflection-potential, + 0.19 volt). Another titration is 
made in which the zinc alone is precipitated, after previous 
removal of lead by a slight excess of sulphuric acid; inflection- 
potential, + 0.50, if titration is at 75°. 

Determination of Sulphate-—E. Miiller and R. Wertheim 88 
add an excess of lead nitrate to the sulphate solution; a third of 


87 E. Miiller and K. Gabler, Z. analyt. Chem., 62, 29 (1923). 
88. Miiller and R. Wertheim., Z. anorg. Chem., 133, 411 (1924). 
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the volume of the solution must be alcohol. The precipitate is 
filtered, washed with 30 per cent alcohol, and the excess of lead 
in the filtrate is determined with potassium ferrocyanide. 
The method is not convenient for practical use. 

In another paper Miiller and Wertheim °° have described the 
application of the method to the determination of barium. The 
results are not very accurate. 

Kolthoff (unpublished investigation) has applied the lead 
ferrocyanide-ferricyanide electrode for the direct titration of 
sulphate (cf. Part I, p. 126). He adds to the sulphate solution 
a little solid lead ferrocyanide and about 50 mg. ferricyanide, 
and an equal volume of alcohol. The titration is carried out 
with lead nitrate. A break in potential occurs exactly at the 
point where lead sulphate is quantitatively formed. In the 
absence of alcohol the potential is very unsteady. The titration 
has not yet been studied with various salts present. 

The ferrocyanide titration is not suitable for the determina- 
tion of silver or copper; 9° nor of cobalt (F. Fenwick, Joc. cit.). 

7. Reduction with Ferrous Sulphate.—Determination of 
Chromium and Vanadium.—The theoretical aspects of the 
bichromate-ferrous iron titration have been thoroughly dis- 
cussed in § 2 of this chapter (p. 248). A number of practical 
applications, which rest chiefly on the work of G. L. Kelley and 
his collaborators, will now be described. 

Kelley, Adams, and Wiley °! have described a simple form of 
apparatus, which is essentially a simple potentiometer with a 
lamp and scale galvanometer (cf. Figs. 19 and 22). Because of 
certain irreversible phenomena (cf. § 2, especially the work of 
Forbes and Bartlett) the end-point may be taken as a sudden 
large galvanometer deflection which throws the beam of light 
permanently beyond the ground-glass scale. This procedure 
has met with much favor for rapid industrial determinations. 

In most practical instances, vanadium and chromium may be 
found together in the solution of various steels, ferro-alloys, etc. 


89 —. Miiller and R. Wertheim, Z. anorg. Chem., 185, 269 (1924). 
% Cf. Miiller, Die Elektrometrische Massanalyse, 2d Ed., p. 123. 
91 G. L. Kelley, J. R. Adams, J. A. Wiley, J. Ind. Eng. Chem., 9, 780 (1917). 
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Vanadate.—I{ the solution contains vanadium alone, the 
reaction with ferrous iron is: 


VO. + 6H+ + Fett = VOt+ + Fett+ + 3H20. 
Partial reactions: 
VO4z= + 6H*++ 6 &VOtt + 3H20;) 8 = + 0.916 
Fet+ @ Fet+t+ + ©; & = + 0.466. 


The potentiometric vanadate reduction has been studied by 
Kelley and his collaborators (vide infra), by Willard and Fen- 
wick 9? and by Kolthoff and Tomicek.2? We may conclude 
from these investigations that the titration gives very exact 
results. 

Determination of Chromium.—lIf{ chromium alone is present, 
its oxidation is effected by means of ammonium persulphate and 
silver nitrate in the sulphuric acid solution of the alloy. The 
excess of persulphate is destroyed by boiling. Any permanganic 
acid that is formed is also destroyed by boiling after the addition 
of hydrochloric acid. The chromium is then determined by 
titration with ferrous sulphate, which has been standardized 
against bichromate solution of known normality. 

Determination of Vanadium.—lIf vanadium alone is present, 
its oxidation may be effected in acid solution by slight excess of 
permanganate or persulphate. The excess of either oxidant is 
destroyed by heating. The titration with ferrous sulphate is 
then made. 

Chromium and Vanadium.—When both elements are present, 
the selective oxidation of either is a matter of considerable diffi- 
culty because both have about the same normal potential. The 
sum of the two elements is determined by titration with ferrous 
sulphate after both have been oxidized with persulphate or 
permanganate. 

Kelley ef ai.°* then determine vanadium by reduction with 

92H. H. Willard, and F. Fenwick, J. Am. Chem. Soc., 45, 84 (1923). 

937. M. Kolthoff and O. Tomicek, Rec. trav. chim., 48, 447 (1924). 

% G. L. Kelley and J. B. Conant, J. Am. Chem. Soc., 38, 341 (1916); J. Ind. 


Eng. Chem., 9, 780 (1917); G. L. Kelley, J. A. Wiley, R. T. Bohn, and W. C. 
Wright, J. Ind. Eng. Chem., 18, 939 (1921). 
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standard ferrous sulphate, after previous oxidation of the vana- 
dium with nitric acid. The original volume of the solution is 
100-125 cc.; 40 cc. of conc. nitric acid are added, and the solu- 
tion is boiled for one hour at such a rate that the volume of the 
solution does not fall below 100 cc. Under these conditions a 
constant portion, namely 99.5 per cent, of the vanadium is oxi- 
dized to vanadic acid. The chromium is unaffected. Hence 
the volume of ferrous sulphate used is multiplied by 15°5°s*. 

Kelley and his co-workers have studied the application of 
these methods to the examination of special steels (loc. cit.), 
ferrochromium,®® and ferrovanadium.9% 


PROCEDURES 


A. Chromium in Steel (Vanadium Absent)..’—From 0.5 to 2.0 g. of 
steel, depending on the amount of chromium present, is dissolved in 60- 
100 cc. of sulphuric acid (sp. gr. 1.20). The solution is evaporated until 
salts begin to separate, in order to decompose carbides. After dilution to 
about 50 cc. the hot solution is treated with 2-3 cc. of nitric acid.°8 The 
solution is diluted to 250-300 cc. and kept at boiling temperature. Ten 
cubic centimeters of 0.015 N silver nitrate and a solution of 5.0 g. of ammo- 
nium persulphate are added. ‘The solution is boiled vigorously for ten 
minutes, after which 5 cc. of (1 : 3) hydrochloric acid are added and boiling 
is continued for five minutes longer. After cooling and addition of a little 
sulphuric acid, the solution is titrated with standard ferrous sulphate. 

B. Chromium in Chrome-vanadium Steel—The procedure given above 
oxidizes both chromium and vanadium (Section A). The number of cubic 
centimeters of ferrous sulphate found in the titration represents chromium 
and vanadium. Hence the amount of ferrous sulphate equivalent to the 
vanadium alone must be determined (as described in the following section, 
C) and deducted from the total. The per cent of chromium may then be 
calculated. 

C. Vanadium in Chrome-vanadium Steel.°—“ When the amount of 
vanadium is less than 0.5 per cent, dissolve a 2.0-g. sample in 100 cc. of 
sulphuric acid (sp. gr. 1.20). With higher percentages of vanadium use 
a 1.0-g. sample and dissolve in-80 cc. of sulphuric acid of sp. gr. 1.20. When 
solution is complete add nitric acid, drop by drop, to the amount of 2 cc. 


95 G, L. Kelley and J. A. Wiley, J. Ind. Eng. Chem., 18, 1053 (1921). 

96 G. L. Kelley, J. A. Wiley, R. T. Bohn, and W. C. Wright, J. Ind. Eng. Chem., 
13, 939 (1921). 

97 Kelley and Conant, J. Ind. Eng. Chem., 8, 722 (1916). 

98 Tf visible particles of carbide remain, treatment with aqua regia, followed by 
complete expulsion of hydrochloric acid, is usually successful in effecting solution. 

99 Kelley, Wiley, Bohn, and Wright, J. Ind. Eng. Chem., 11, 633 (1919). 


276 OXIDATION-REDUCTION REACTIONS 


Boil until oxides of nitrogen are removed and until the tungstic acid is 
yellow if there is any present. Dilute the solution with hot water to a 
volume of 100 to 125 cc. and add 40 cc. of conc. nitric acid. Boil the solu- 
tion during one hour or more at such a rate that the volume does not fall 
below 100 cc. Cool, dilute to 300 cc., and titrate at 20° C. or lower with 
ferrous sulphate and dichromate solution. For this purpose a solution of 
dichromate may be prepared by dissolving 0.9609 g. of potassium dichro- 
mate in a liter of water. . . . One cubic centimeter of this dichromate 
solution is equivalent to 0.1 per cent of vanadium in a 1.0 g. sample. 

“The titration of the nitric acid solution of the oxidized vanadium corre- 
sponds to 99 per cent of the vanadium present. Accordingly this may be 
calculated by dividing by 0.99, or approximated by adding 1 per cent of the 
amount found in the titration.” 1 

D. Chromium in Ferrochromium.i\—“ Use a nickel crucible of about 
60-cc. capacity, preferably free from manganese. Fuse 20 g. of sodium car- 
bonate in the crucible, and during cooling rotate it in such a manner as_ to 
produce a lining on the crucible. When cool, place 16 g. of sodium peroxide 
in the crucible. Make a hole in the center of this and place in it 1.0 g. of 
ferrochromium, ground to pass a 100-mesh sieve. Mix the ferro-alloy 
with the peroxide by stirring with a stiff platinum wire, taking care that 
the alloy does not sink to the bottom. Fuse over a blast lamp until fusion 
is complete, and apply heat enough to maintain the melt in a state of quiet 
fusion for three minutes, rotating gently meanwhile. Avoid fusing the 
lining as this is detrimental to the crucible. During cooling, cause the 
molten mass to flow in thin layers on the surface of the crucible. When 
cold, wipe the outside of the crucible clean, and place it in 300 cc. of 
water in a 600-cc. beaker. Warm to complete the solution of the mass, and 
remove the crucible after rinsing. Boil the solution at least thirty minutes. 
Cool to room temperature, and add gradually 80 cc. of sulphuric acid 
(sp. gr. 1.58). Boil five minutes, cool, filter through asbestos, and make 
the volume up to exactly one liter. Analyze the solution as soon as it is pre- 
pared. Remove a 100-cc. portion, add 25 cc. of sulphuric acid, and titrate 
electrometrically with ferrous ammonium sulphate and potassium dichro- 
mate.” 

If the dichromate solution contains 5.6586 g. of dichromate per liter, 
each cubic centimeter will represent 2.00 per cent chromium on a 0.10-g. 
sample. Convert the cubic centimeters of ferrous sulphate into their 
equivalent in terms of dichromate. 

“Vanadium is rarely present in ferrochromium in quantities warranting 
its determination. When it is desirable to determine it, this may be done, 
after reduction of the chromate and vanadate with ferrous sulphate, by 
oxidizing the vanadium alone by means of nitric acid. It is then titrated 
electrometrically with ferrous sulphate.” 


100Tn a subsequent paper these investigators found that 99.5 per cent of the 
vanadium was oxidized by the nitric acid, J. Ind. Eng. Chem., 18, 939 (1921). 
101 Kelley and Wiley, J. Ind. Eng. Chem., 18, 1053 (1921). 
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E. Vanadium and Chromium in Ferrovanadium.2—“ Dissolve 3.0 g. of 
ferrovanadium in 75 cc. of nitric acid (sp. gr. 1.13). When solution is nearly 
complete, add 10 cc. of hydrochloric acid (sp. gr. 1.20). When the amount 
of silicon is large, it may be convenient to add a few drops of hydrofluoric 
acid to bring about solution. Next add 50 cc. of sulphuric acid (sp. gr. 1.58) 
and evaporate until fumes appear, to remove nitric and hydrochloric acids, 
and to complete the decomposition of vanadium carbides. . . . The solu- 
tion is then cooled and made up to 1000 cc. one-hundred-cubic centimeter 
portions of this solution, corresponding to 0.3 g., are convenient quantities 
for subsequent work.” 

Determination of Vanadium and Chromium. Beer oxidation with 
ammonium persulphate, the quantity of standard ferrous sulphate which is 
necessary to reduce both chromate and vanadate is found. The procedure 
is exactly as described in Section A above. 

Vanadium.—A separate 100-cc. portion of the solution is used for the 
determination of vanadium. Selective oxidation of the vanadium with 
nitric acid, followed by potentiometric titration of the vanadic acid with 
ferrous sulphate, is carried out exactly as described in Section C. The 
volume of ferrous sulphate is multiplied by +4,%,°.° to allow for the incom- 
plete oxidation of the vanadium by the nitricacid. The corrected volume is 
deducted from the volume for both chromium and vanadium, in order that 
the per cent of chromium may be calculated. 


According to Willard and Fenwick,! the selective reduction 
of chromic acid in the presence of vanadic acid is accomplished 
by sodium perborate (or by very pure hydrogen peroxide) in a 
solution whose acidity is controlled by the presence of large 
amounts of acetic acid and sodium acetate. They studied the 
application of this method to the potentiometric determination 
of vanadium and chromium in special steels and ferro-alloys, 
with excellent results. The polarized bimetallic system was 
used, 


Furman 1° has studied the method of Willard and Fenwick for the 
selective reduction of chromium and found it to be highly satisfactory. In 
this study diphenylamine was used as indicator instead of the potenti- 
ometric method. 


PROCEDURES 


Vanadium in Chromium-vanadium Steel.—‘‘A sample requiring about 
10 cc. of 0.02 N ferrous sulphate is convenient. Place it in a 600-cc. beaker, 


102 Kelley, Wiley, Bohn, and Wright, J. Ind. Eng. Chem., 18, 939 (1921). 
103 Ff, H. Willard and F. Fenwick, J. Am. Chem. Soc., 45, 84 (1923). 
104 N, H. Furman, Ind. Eng. Chem., 17, 315 (1925). 
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add 20 to 30 cc. of water and run in a measured volume of conc. sulphuric acid 
froma burette. Each gram of steel requires 1 cc. of the acid to form ferrous 
sulphate and a 4-cc. excess is sufficient to effect a rapid solution. Heat 
gently until the sample is dissolved and salts begin to separate. Dilute 
with 20 cc. of hot water and heat until dissolved. Add 4 or 5 cc. of cone. 
nitric acid cautiously and boil. Complete the oxidation of iron and vana- 
dium with a slight excess of potassium permanganate. Add sufficient 
sodium acetate (a moderate excess does no harm), to combine with the acid 
used in excess of that required for solution (1 cc. of conc. sulphuric acid, 
= 4.8 g. of sodium acetate trihydrate), and 40 to 50 cc. of glacial acetic acid. 
Add about 0.5 g. of sodium perborate, previously neutralized (with acetic 
acid); dilute, if necessary, to 200 cc. and boil for twenty minutes. Cool to 
room temperature, add 25 to 30 cc. of conc. hydrochloric acid and titrate 
with 0.02 N ferrous sulphate solution standardized against permanganate.” 

Vanadium in Chromium-vanadium-tungsten Steel —‘‘ Treat the samples 
with 40 cc. of hydrochloric acid, 3 parts conc. acid to 1 of water, and heat 
until action ceases. Add 8 to 10 cc. of conc. nitric acid, dropwise, until the 
first violent action has ceased. Boil and evaporate to about 20 cc. Dilute 
with hot water and heat to insure complete solution of soluble salts. Filter 
and wash with hot 2 per cent hydrochloric acid. Ovxidize the filtrate with 
permanganate solution and add sufficient sodium acetate to combine with 
the free acid. This may be estimated accurately enough by putting the 
weight of the hydrochloric acid as equal to 20 per cent of the volume after 
concentrating the solution to about 20 cc. and adding 5 or 6 g. more as a 
safeguard; 1 g. hydrochloric acid = 3.73 g. sodium acetate trihydrate. 
From here the determination is carried on as outlined above. 

“To determine the vanadium occluded by the tungstic acid, dissolve 
the latter in sodium carbonate. Add a few tenths of a gram of perborate 
and boil vigorously for ten minutes. Acidify with 3 to 5 cc. of phosphoric 
acid, add 25 to 40 cc. of sulphuric acid (1 part of acid to 3 of water) and 
titrate with ferrous sulphate electrometrically to the permanent drop in 
potential.” 

Vanadium in Molybdenum-chromium-vanadium Steel—Proceed exactly 
as described under Chromium-vanadium Steel. 

Willard and Fenwick (loc. cit.) have found that the vanadium which is 
present in a phospho-molybdate precipitate may be determined exactly 
as described above under the determination of vanadium occluded by 
tungstic oxide. 


Kolthoff and Tomicek !°° determine the previously oxidzed 
chromium and vanadium together by reduction with ferrous 
sulphate solution. The customary oxidation-potential system 
is used. They found that the slight excess of ferrous iron could 
then be titrated with permanganate, giving one potential break. 
A second jump occurs at the completion of the oxidation of the 


105 T. M. Kolthoff and O. Tomicek, Rec. trav. chim., 48, 447 (1924). 
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vanadyl salts. The titration is made at 70°; chromic salts are 
not oxidized. Kolthoff and Tomicek studied the accuracy of 
the vanadium reduction in the presence of large quantities of 
iron. They found that with 1V : 1000 ferric iron the results 
were satisfactory, although the E.M.F. readings near the equiv- 
alence-point were sometimes irregular. 


PROCEDURE FOR STEELS 


A sample of suitable weight, according to the content of 
chromium and vanadium, is decomposed by repeated treat- 
ments with nitric acid. The nitric acid and nitrates are decom- 
posed by strong heating with excess of sulphuric acid. After 
dilution and filtration the residue is subjected to acid treatment, 
or alkali fusion, if necessary. Any nitrates or chlorides intro- 
duced in the treatment are expelled with excess of sulphuric 
acid. The solution is now diluted to the mark in a suitable 
volumetric flask. One aliquot portion is used for the vanadium 
determination, and a second portion for the combined chromium 
and vanadium determination. 

(1) Vanadium.—A portion of the solution will ordinarily give 
a potential of less than 0.5 volt (cell composed of platinum 
electrode—normal calomel electrode). If this is not the case, 
add ferrous sulphate in slight excess. Add enough sulphuric 
acid to make the solution 1 N inacid. Dilute to 150 to 200 cc. 
Titrate with 0.05 N permanganate (or with 0.02 N if the vana- 
dium content is extremely small) at 18° until the oxidation of 
ferrous iron is complete, then at 75°-80° until the vanadium is 
completely oxidized, as indicated by a second inflection. 

(2) Chromium and Vanadium.—A second aliquot portion of 
the steel solution, which need be only moderately acid, is treated 
with 1 to 5 g. of potassium persulphate, diluted to 150 cc. in an 
Erlenmeyer flask and heated to boiling. Cool after boiling for 
fifteen minutes. Remove any precipitated peroxide of man- 
ganese by filtration, and dilute the clear solution as abcve 
described (1). If the solution is colored by permanganic acid 
titrate carefully to the first inflection, Titrate with 0.05 or 0.02 N 
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ferrous sulphate solution until the chromic and vanadic acids 
have been reduced. The end of the reduction is indicated by a 
sharp inflection. 

Use of the Bichromate-Ferrous Sulphate Reaction in the 
Determination of Telluriwum.—W. T. Schrenk and B. L. Brown- 
ing !06 oxidize tellurous acid to telluric with a measured excess 
of potassium bichromate. After standing 45-60 minutes, the 
amount of oxidizing agent required is found by potentiometric 
determination of the excess of bichromate with standardized 
ferrous sulphate solution. Accurate results were obtained for 
0.2-0.4 g. of TeOz, when as much as 0.278 g. SeOz or 0.03 g. 
Cu was present. 


8. Reduction with Iodide.—The reader is referred to preced- 
ing paragraphs in this chapter for the reactions between iodide 
and permanganate, dichromate,!®” bromate, or iodate. 

For the determination of Jodate, W. S. Hendrixson 1% 
recommends the addition of an excess of known iodide solution 
in dilute sulphuric acid, and the titration of the excess with 
permanganate solution. 

E. Miiller and D. Junck 1° made a study of the theoretical 
aspects of the titration curve of iodate with iodide. In sulphuric 
acid medium, only one jump in potential occurs, at the end of 
the reduction of all iodate: 


TO3~ + S5I- + 6H* @ 3Ig + 3H20. 


Inflection-potential, 0.652 (or 0.580?) volt (against N.C.E.). 

In the presence of hydrochloric acid other reactions occur. 
The first break in potential is obtained after the completion of 
the reaction: 


IO3- + 2I- + 6H* + 3Cl- & 3ICI + 3H20, 


and a second after: 
3ICl + 3I- @ 3Ip + 3Cl-. 


106 W, T. Schrenk and W. L. Browning, J. Am. Chem. Soc., 48, 139 (1926), 
107 Cf. esp. W. S. Hendrixson, J. Am. Chem. Soc., 48, 14 (1921). 

108 W. S. Hendrixson, J. Am. Chem. Soc., 48, 858 (1921). 
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In the presence of a large excess of hydrochloric acid, still 
different results are obtained. Probably both ICI and ICl3 are 
both formed: 


2103- + I- + 12H+ + 9Cl- @ 3ICl3 + 6H20, 
= 


31Cls + 9I- & 6Ie + 9Cl=. 


Because of the escape of chlorine, both breaks occur too soon. 
This determination of iodate in hydrochloric acid solution is of 
no analytical significance. 

Periodic Acid.—In the presence of a large excess of iodide 
the following action takes place: 


1O4- + 21- + 2H+ @ 2103- + Ip + H20. 


The iodate is not reduced further in bicarbonate solution. 
According to Miiller and Junck (loc. cit.), the reduction is so 
slow that the reaction can not be made a basis for potentio- 
metric titration. The present authors suggest the use of an 
excess of iodide and back titration with silver nitrate or a mer- 
curic salt. 

Hypochlorite—W. D. Treadwell!!° makes the Pontius method 
the basis of the potentiometric determination of hypochlorite: 


SOG ree Oa 3 Cl: 


The titration gives practicable results in bicarbonate solution, 
or in the presence of boric acid. 

According to Treadwell the method is of distinct advantage 
in titrating very dilute solutions. Kolthoff !!! was able to con- 
firm Treadwell’s findings. Initially the potential soon becomes 
constant; near the equivalence-point, however, one has to wait 
about ten minutes for it to reach constancy. The break in poten- 
tial is distinct, but not nearly as pronounced as in the titration 
of hypochlorite with arsenic trioxide. (Cf. §9.) Chlorite 
reacts very slowly with iodide in bicarbonate solution. 


110 W. D. Treadwell, Helv. Chim., Acta, 4, 396 (1921). 
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9. Reduction with Arsenic Trioxide.—Arsenic trioxide may 
be readily purified by sublimation or reprecipitation from its 
alkaline solution upon adding acid, followed by recrystallization. 
Its solution may be kept for a long time when it is neutral or 
slightly acid. An alkaline solution is slowly oxidized by air, 
thus decreasing its strength. 

Hy pochlorite.—According to W. D. Treadwell !!” the method 
of Penot (1851) may be applied as a potentiometric titration. 
A good end-point is obtained when the titration is carried out in 
bicarbonate medium. No inflection is observed in strongly 
alkaline medium. Good results are obtained when the amount 
of bicarbonate present suffices to neutralize the strong alkali 
to carbonate. I. M. Kolthoff (Joc. cit.), using the usual system, 
confirmed Treadwell’s results. He found that chlorite did not 
react with arsenious oxide under the conditions mentioned. No 
sharp end-point was obtained in weakly acid solution. 

A. Schleicher and L. Toussaint !!? used the compensation 
apparatus of A. Fischer '* and titrated to an inflection-potential 
of 0.60 volt (against N.C.E.). A platinum electrode in dilute 


peroxide, or a dichromate, may also be used as a compensation 


electrode. 

According to Kolthoff (Joc. cit.) the sum of the chlorite and 
hypochlorite is determined by iodometric titration in acid solu- 
tion. When the hypochlorite content is known, that of chlorite 
may be calculated. 

The application of the bimetallic system to the titration of 
hypochlorite also gives good results, according to F. Fenwick.!!5 

Bromate.—On page 256 the authors discussed the titration 
of arsenic with bromate, according to Zintl and Wattenberg.!!6 
F. Fenwick (loc. cit.) has applied the bimetallic system. ‘“‘ Bro- 
mate is rapidly reduced by arsenite in hydrochloric acid solution. 


12° W. D. Treadwell, Helv. Chim. Acta, 4, 396 (1921). 

u3 A. Schleicher and L. Toussaint, Z. analyt. Chem., 65, 399, 406 (1925). 
u4 A. Fischer, Elektroanalytische Schnellmethode, Stuttgart (1908), p. 100. 
16 F. Fenwick, Dissertation, Ann Arbor, Mich. (1923), p. 83. 
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The end-point is marked by the usual rise in voltage followed by 
a fall in the presence of an excess of titrating agent. The end- 
point increases in speed and sharpness with the concentration 
of hydrochloric acid, but is readily obtainable in a concentration 
as low as 5 per cent. If the concentration of hydrochloric acid 
does not rise over 8 per cent a selective titration of bromate may 
be made in the presence of any quantity of chlorate.” 

Hy pobromite.—According to H. H. Willard and F. Fenwick 127 
the titration of hypobromite solution with arsenite gives an 
excellent end-point with both mono- and bi-metallic electrode 
systems. When polarized electrodes are used the potential 
difference increases slowly as the end-point is approached; the 
inversion is sharp and the subsequent fall can not be mistaken. 
These investigators obtained good results even in strongly 
alkaline solution. 

Determination of Iodide.—Willard and Fenwick applied the 
..ethod to this determination. They state that: When hypo- 
bromite is added to a neutral or alkaline solution of an iodide no 
change occurs at first, but after considerable hypobromite has 
been added the yellow color of the solution fades. A direct titra- 
tion of iodide with hypobromite was not found to be possible 
because of the slowness of the reaction. They therefore add an 
excess of hypobromite to the alkaline iodide solution, dilute to 
100 cc. and titrate the excess with arsenite after the solution has 
stood five minutes. 


te cOBr 2 1035. 3 Bre, 


The hypobromite has no oxidizing action on bromide or 
chloride. ‘The solution is made by pouring 40 to 50 g. of bromine 
slowly into a solution of 30 g. of potassium hydroxide in 250 cc. 
of water kept near 0° C., and diluting finally to 5 liters. The 
solution is standardized against arsenite. 

The potentiometric titration of iodine with arsenious oxide 
has been described by C. S. Robinson and O. B. Winter.!!8 


u7 HY, H. Willard, and F. Fenwick, J. Am. Chem. Soc., 45, 631 (1923). 
118 C_ S. Robinson and O. B. Winter, J. Ind. Eng. Chem., 12, 775 (1918). 
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10. Use of Mercurous Nitrate for the Determination of Man- 
ganese.—For the determination of manganese in steel, G. L. 
Kelley et al.!!9 perform the oxidation with sodium bismuthate, 
thus forming permanganic acid. The latter is titrated with mer- 
curous nitrate, a reagent which has the advantage of reducing 
permanganate quantitatively and rapidly at ordinary tempera- 
tures without reducing chromates or vanadates which are also 
formed by the bismuthate oxidation. The reduction may be 
represented by the equation: 


4Mn‘" + 14Hg’ @ 3Mn'Y + Mn" + 14Hg"™, 
or 


4MnO,47- + 7Hg2*t + 20H*+ 2 
3MnO» + Mn++ + 14Hg++ + 10H20. 


This is the sum of the two simpler reactions: 


2Mn‘" + 6Hg* = 2Mn’" + 6Hg", 
and 
2Mn‘" + 8Hg’ @ Mn’ + Mn” + 8He", 


either of which might have been expected to occur more readily 
than the complicated reaction above. (Cf. original paper for a 
detailed discussion of this interesting reaction.) 

When the solution contains chromates and vanadates, the 
titration is best carried out in the presence of a moderately high 
concentration of sulphuric acid. Kelley et al. used 50 cc. of acid 
of sp. gr. 1.58 and 200 cc. of water. With a lower acid concen- 
tration, manganese dioxide separates from the solution and 
erratic results are found in the titration. Nitric acid does not 
interfere if it be first freed of nitrous acid. This is best accom- 
plished by treating the acid with a small excess of sodium bis- 
muthate and filtering to remove the excess. The temperature 
of the solution should be close to 20°C. At higher tempera- 
tures a larger amount of mercurous nitrate is used, undoubtedly 
because of partial reoxidation of manganese. At low tempera- 


9G. L. Kelley, M. G. Spencer, C. B. Illingworth, and T. Gray, J. Ind. Eng. 
Chem., 10, 19 (1918). 
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tures this reaction proceeds so slowly that it does not give 
trouble. 


The mercurous nitrate solution is prepared by dissolving 
10.5 g. of the salt in 150 cc. of water to which 2 cc. of nitric 
acid have been added. Any undissolved salt is removed by 
decantation, and the solution is made up to a volume of 1 liter. 
Its strength is determined potentiometrically with a solution 
of permanganate which has been standardized against sodium 
oxalate. The permanganate solution contains 0.5 g. of man- 
ganese per liter. The Kelley single-deflection end-point is 
used in the titrations (cf. § 7, p. 273). 


PROCEDURES 


Standardization of Mercurous Nitrate——The solution is standardized by 
using it to reduce portions of potassium permanganate solution; the end- 
point is determined potentiometrically. 

Potassium Permanganate Solution—A solution of 1.5 g. potassium 
permanganate is allowed to stand several days. It is filtered through 
asbestos. Its strength is determined with sodium oxalate. The solution 
is then diluted until it contains 0.0005 g. manganese per cubic centimeter 
(i.e., 0.1200 g. pure sodium oxalate require 39.33 cc. of the adjusted per- 
mangate). 

1. Determination of Manganese after Oxidation with Sodium Bismuthate.— 
“The oxidation is carried out exactly as described by Blair.12° After filter- 
ing, a small piece of ice is added, followed by 50 cc. of sulphuric acid (sp. gr. 
1.58). The volume should be 250 cc. and the temperature not over 40° C. 
at the time of titration.” 

2. Determination of Manganese after Oxidation with Ammonium Per- 
sulphate-—‘‘ Dissolve 0.5 g. steel in 65 cc. sulphuric acid of sp. gr. 1.20.” 
(If manganese is below 0.5 per cent a 1.0-g. sample may be used.) ‘‘ When 
solution is complete, oxidize with nitric acid added dropwise. After boiling 
a minute or two, the solution is diluted with hot water to a volume of 200 
cc., heated to boiling, and 10 cc. of silver nitrate solution (2.5 g. in a liter) 
and 20 cc. of ammonium persulphate solution (100 g. in a liter) added. 
Boiling is allowed to continue one minute when the solution is allowed to 
cool slowly, or rapidly with the aid of ice, according to convenience. When 
the solution is nearly cool enough, a little more sulphuric acid is added and 
the solution adjusted to about 20°. Titration is then made.” 


11. Reduction with Sodium Thiosuplhate.—Y. Rzymkowski!?! 
uses thiosulphate as reducing agent in the determination of 


120 “The Chemical Analysis of Iron,” 7th Ed., p. 122. 
121 Y, Rzymkowski, Z. Elektrochem., 31, 371 (1925). 
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quinone (and quinhydrone). The reaction may be represented 
by the equations: 


CgH4O2 + 2H+ + S203= = Co6H402H2S20s, ste Wear (a) 
Ce6Hs402 + Co6H102H2S203 @ Co>Hi02H2 + CoeHs1028203 (0) 


hydroquinone 


CgH4028203 + 2H+ + S203= = CsH402H2(S203)2. 


From equation (a) we see that the quinone is first reduced 
to hydroquinone monothiosulphuric acid. The latter reacts 
with quinone to form hydroquinone and quinone monothiosul- 
phuric acid which reacts with a second thiosulphate ion to form 
hydroquinone dithiosulphuric acid. 

The titration is carried out at 30-40° in a medium which 
contains acetic acid or a little sulphuric acid. (Rzymkowski 
does not give details regarding the influence of hydrogen-ion 
concentration upon the shape of the curve.) The thiosulphate 
is added very slowly, 1 or 2 drops per second; if it is added too 
fast, too little reagent is required when the jump in potential is 
reached. Inflection-potential, 0.00 volt (against N.C.E.). A 
bimetallic electrode system is advantageous in this instance. 
An electrode of gold and another of iridium are dipped into the 
solution to be titrated. The electrodes are connected to a capil- 
lary electrometer without using the compensating system (Pinkhof 
system). The deflection of the electrometer is observed during 
the titration. It reaches its maximum at the equivalence-point. 

It is, of course, better in principle to use the Poggendorff 
method, either with a calomel reference electrode, or with the 
simple bimetallic system. 

12. Reduction with Titanous Salts.—General Considera- 
tions.—Titanous salts are among the strongest reducing agents 
used in analytical chemistry. The reduction-potential depends 
to a large extent upon the hydrogen-ion concentration. For 
example, B. Diethelm and F. Foerster 1? found a value of 
+ 0.120 volt (against normal hydrogen electrode) for the 
normal potential when the solution was zy atomic in titanous 
ion and 4 N in sulphuric acid; in 0.4 N acid the value was — 0.01 

122 B, Diethelm and F, Foerster, Z. physik. Chem., 62, 138 (1908). 
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volt. The potential is also dependent upon the total quantity 
of titanium, and decreases with increasing titanium content. 

I. M. Kolthoff!*8 made measurements with a titanous 
chloride solution which was 0.036 atomic in titanous, and 0.0435 
a 
[ie 
meters of this solution were added to 100 cc. of the liquid. In 
the following table we see the influence of hydrochloric acid. 
The measurements were made against the normal calomel 
electrode. 


atomic in titanic ions; hence = 0.83. Five cubic centi- 


Concentration Se pomectes 
Ec for Chloride 
HCl 
Influence 
0.036 N —0.342 —0.342 
0.130 N —0.318 —0.313 
0.24 N —0.290 —0.278 
0.44 N —0.260 —0.238 


The correction for chloride ion which was applied to yield 
the figures in the third column was derived from a special series 
of measurements. Kolthoff also determined the reduction 
potential at low hydrogen-ion concentration by adding a little soda 
(down to Py = 3), cr a buffer mixture. The results are given in 
the following table. 


Salt Added Eo Pu Remarks 
SIOGH, 5 oadGintaaielee Aen Oba Seer nice —0.378 Me Clear solution 
SSIOKGE, oc to's coe een aceon aaa ene —0.410 2.6 Clear solution 
SOG 6 Shiqun Reece a Ce ee —0.440 3.0 Clear solution 
5 g. potassium biphthalate........ |—0.428 Se il Brownish green 

Gelatinous ppt. 

5 g. sodium phosphate (primary).. |—0.322 | 4.8 Light violet ppt. 
5, Sotebhaieny ORAS, o4 ee comeo es —0.548 4.95 Liquid yellow-brown 
SiGe, IRGASIS allticsccweocsonsumss —0.508 5 Liquid light yellow 
5) (ey SOSH OHMS. Lanse emcee —0.564 Sse) Little steel gray ppt. 
Spomsodium mitra temper res =) 2: —0.526 5.9 Liquid almost colorless 
5 g. sodium phosphate (secondary). |—0.320 | 6.8 Violet precipitate 


1237. M. Kolthoff, Rec. trav. chim., 48, 768 (1924), 
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It is rather risky to draw definite conclusions from the results 
in the table. In the cases where a rather large precipitate was 
formed (experiments with phthalate and phosphate), the compo- 
sition of the solution is no longer known. If a solution of py 
greater than 4 remains clear, the greater part of the tri- and 
quadrivalent titanium must be in the form of complexes. From 
his results Kolthoff concludes that the oxidation-reduction 
potential of titanic-titanous solution is given by the equation: 

“IV et 
E = & + 0.059 log Sain ato 

&9 is equal to + 0.03 volt referred to the normal hydrogen 
electrode. The fact that the reducing action of a titanous solu- 
tion increases considerably with decreasing hydrogen-ion con- 
centration is of importance in analysis. For example, while 
cupric ions are reduced to cuprous in acid solutions, in the 
presence of an excess of tartrate ions the reaction appears to go 
one stage farther, i.e., to metallic copper. Bismuth and lead 
solutions also give an immediate separation of metal upon the 
addition of titanous solution if an excess of tartrate is present. 
Titrations of dyestuffs are generally made in tartrate solutions 
because the oxidation-reduction potentials of dyestuff systems, 
as well as that of the titanous solution, depend upon hydro- 
gen-ion concentration. 

Reagents.—Titanous sulphate and titanous chloride are used 
as reagents. Titanous sulphate may be prepared by the elec- 
trolytic reduction of the titanic salt according to Thornton 
and Chapman. !?# 

Titanous chloride is generally brought on the market as a 
20 per cent solution in rather concentrated hydrochloric acid. 
The chief impurity in almost all of these samples is iron, the 
content of which may vary from a trace to considerable quanti- 
ties. According to E. Knecht and E. Hibbert,!*° small quanti- 


124. W, M. Thornton, Jr., and J. E. Chapman, J. Am. Chem. Soc., 48, 91 
(1921). 

1225). Knecht and E. Hibbert, “New Reduction Methods in Volumetric 
Analysis” (1925), Published by Longmans, Green & Co., London. 
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ties of ferrous chloride have no effect upon most determinations. 
It is desirable to work with iron-free solutions for accurate 
potentiometric titrations. I. M. Kolthoff and O. Tomicek 126 
purified their solutions according to E. Polidori.!27 

The commercial solution is cooled in a mixture of ice and salt 
and saturated with a stream of hydrogen chloride gas. It is 
then allowed to stand in the freezing mixture until as much of 
the titanous chloride as possible has separated. The violet crys- 
tals of TiCl3-6H2O are collected as quickly as possible by suc- 
tion and are washed with ice-cold hydrochloric acid. The 
crystals oxidize rapidly in air. A 20 per cent solution in 20 
per cent hydrochloric acid is prepared. Fifty cubic centime- 
ters of this solution are boiled for one minute with 100 cc. of 25 
per cent hydrochloric acid; after cooling, the mixture is made 
up to 2% liters, transferred to a stock bottle, and so preserved 
that it can not be attacked by air. 

It is quite easy to detect the presence of iron qualitatively. 
A little of the solution is boiled with nitric acid. On cooling, 
the presence of ferric ion can be detected by the thiocyanate 
reaction. The purified preparation only gave a weak rose 
coloration; the purest sample from the La Motte Company 
gave a clear reaction. The iron content of the titanous solu- 
tion can be easily determined potentiometrically by titration 
with potassium dichromate. The titration is best made by 
allowing the titanous solution, diluted with hydrochloric acid, 
to flow from a burette into the dichromate solution. The latter 
is reduced to the chromic stage, and at the same time any iron 
present in the titanous solution is oxidized to the ferric condi- 
tion by the excess of dichromate. When all of the dichromate 
is reduced, a single drop of titanous solution causes the potential 
to fall from the high bichromate value to the very low titanous 
voltage. 

If the titanous solution contains iron, ferric ion reacts after 
the dichromate has been reduced in the sense of the equation: 

Fett+ 4+ Tit++ 2 Fett + Tittt+t. 


126 T. M. Kolthoff and O. Tomicek, Rec. trav. chim., 48, 775 (1924). 
127 &, Polidori, Z. anorg. Chem., 19, 306 (1899). 
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In such a case there are therefore two breaks in potential, one 
after the reduction of dichromate, the other after the reduction 
of the ferric ions. The quantity of reagent used between the 
first and second jumps corresponds to the iron content of the 
solution. By this method Kolthoff and Tomicek (loc. cit.) 
found 2} per cent of titanium, reckoned on the iron content, in 
a Kahlbaum preparation; 0 per cent after purification (Poli- 
dori); and 0.25 per cent ina La Motte preparation. The sample 
from the latter company also contained hydrogen sulphide. 

Stability of the Solution; Apparatus.—The solution must be 
carefully protected from air. The strongly acid titanous solu- 
tion attacks rubber. Care must therefore be taken that the 
solution never comes in contact with rubber during storage, or 
transfer to the burette. For this purpose Kolthoff and Tomicek 
used an apparatus of the same style as that of W. M. Thornton 
Jr., and E. Chapman.!?8 The solution is placed in the storage 
bottle, B. The T-tube, C, ends above the liquid in B; one end 
of C is connected with the hydrogen generator, the other with 
the top of the burette, E. Oxidation of the titanous solution 
by air is thus prevented. The siphon tube, D, reaches to the 
bottom of the storage bottle and is joined to the burette by a 
small piece of rubber tube. The action of the solution on the 
rubber is prevented by bringing the ends of the two glass tubes 
into contact. The burette is filled by opening the tap, Ai. 
The tube, F, is sealed to the burette; its lower end is a very 
fine tip which delivers drops of 0.025 to 0.03 cc. each. 

Upon opening stop-cock Ag the titanous solution is brought 
into the titration vessel, I. The advantage of the bent tube, 
F, is that the burette is not warmed when a hot liquid is being 
titrated. The titration vessel, I, is closed with a six-hole rubber 
stopper. The end of F passes through the middle hole; the 
platinum electrode passes through another; through a third 
passes the siphon tube, filled with saturated potassium chloride 
solution, which leads to the normal calomel electrode vessel. 
Two other openings serve for the entrance and exit of carbon 
dioxide which is passed through the solution during titrations. 

128 W. M. Thornton, Jr., and E. Chapman, J. Am. Chem. Soc., 48, 91 (1921). 
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(The gas is purified by successive passage through titanous 
chloride solution and water.) The thermometer, T, fills the 
remaining hole in the stopper. 

If care is exercised the solution is quite stable. W. M. 
Clark and B. Cohen (private communication) were able to keep 
a titanous solution unchanged in strength for several months. 
After fourteen days Kolthoff and Tomicek found a decrease in 
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Fic. 45.—Apparatus for titrations in absence of air. 


strength in their solution of 0.2 per cent. In general, it is 
recommended that the titer of the solution be determined 
every day. 

Standardization of the Solution.—According to W. S. Hen- 
drixson,!?° iodate and bromate may be titrated very accurately 
with titanous solution. Hendrixson used titanous sulphate as 
a reagent with sulphuric acid solutions. Kolthoff and Tomicek 
failed to obtain good results when hydrochloric acid was used, 


129 W.S. Hendrixson, J. Am. Chem. Soc., 45, 2013 (1923). Cf. also Hendrixson 
and L. M. Verbeck, zbid., 44, 2382 (1922). 
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because of the formation of volatile halogen compounds or of 
free halogen. 

Pure potassium dichromate is a very suitable standard sub- 
stance. Potassium ferricyanide and ferric ammonium alum 
may also be recommended. ‘The former is obtained by rapid 
recrystallization from water and drying at 100°.1°° The ferric 
ammonium alum is obtained in the pure state by two recrystal- 
lizations from water. The salt is then dried in a desiccator at 
the aqueous tension given by saturated sugar and NaCl solution 
in contact with excess of the two solids (about 70 per cent 
humidity at room temperature). 

The titrations are made in hydrochloric acid solution. 
When iron is absent there is only one break in potential; if it is 
present two breaks occur (cf. p. 289). With ferricyanide as a 
standard substance, only one break is found; it corresponds to 
the first in the titration of dichromate. The iron of the titanous 
solution is oxidized to the ferric state by the ferricyanide and is 
then removed as ferric ferrocyanide, which does not react—at 
least not rapidly—with an excess of titanous salt. If the titer 
is determined with ferric alum as standard substance, the break 
in potential naturally corresponds with the second break found 
in the dichromate titration. 

E. Zintl and A. Rauch !3! recommend the use of a cupric 
salt solution for the standardization of titanous chloride solu- 
tions. In the opinion of the authors, the titration of cupric 
salt with this reducing agent does not give as accurate results 
as that of ferric salt or dichromate. Hence, the use of the latter 
standard substances is preferable. 

Application of Titanous Solution to Titration of Cations.— 
Ferric Iron: This titration gives excellent results.12? In the 
region of the end-point the last traces of iron are reduced slowly, 
so that one must wait a relatively long time for the potential 
to become steady. If the titration is made at 50°-60°, results 
are obtained much more rapidly and with as great accuracy 

130 T. M. Kolthoff, Pharm. Weekblad, 59, 66 (1922). 


181 K. Zintl and A. Rauch, Z. Elektrochem., $1, 428 (1925). 
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as at room temperature. Inflection-potential, 0.100 volt 
(against N.C.E.). The titration may be made in the presence 
of a large excess of Rochelle salt. (This is of importance in the 
titration of dyestuffs.) The best results are obtained at 50°- 
90°. The value of the inflection-potential depends on the quan- 
tity of tartrate added: the more of the latter present, the lower 
its value. In a definite instance—with 10 g. Rochelle salt—it 
was — 0.300 volt. The titration does not give good results in 
the presence of fluoride. 

A. M. McMillan and W. C. Ferguson !3 have applied this 
potentiometric titration to the determination of iron in alloys. 

Copper.—E. Zintl and H. Wattenberg !84 add an excess of 
titanous chloride solution to the cupric salt and then titrate 
with bromate (cf. p. 255). H. H. Willard and F. Fenwick 135 
state in a brief note that the direct titration of copper with 
titanous sulphate gives satisfactory results. They give no 
further details. 

Kolthoff and Tomicek (loc. cit.) found that too much reagent 
was used before the jump in potential occurred, the error being 
about 1 per cent. Inflection-potential, about — 0.30 volt 
(against N.C.E.) On the other hand, good results were 
obtained when the titration was made in the presence of suffi- 
cient potassium thiocyanate or iodide, whose cuprous salts are 
insoluble. The inflection-potential is higher in these cases: 
with thiocyanate present it is 0.00 volt (against N.C.E.), and 
with iodide, + 0.080 volt. In the presence of an excess of 
Rochelle salt too much reagent is used whether the solution is 
at room temperature or is warmed. (Error, 1-3 per cent.) If 
iodide is also present the results are satisfactory. Inflection- 
potential, — 0.60 volt. The titration may be carried out at 
55°. When potassium thiocyanate is used instead of iodide 
there is an appreciable deviation from the theoretical 
values. 

Ferric and Cupric Salts —According to Kolthoff and Tomi- 


133 A. M. McMillan and W. C. Ferguson, J. Soc. Chem. Ind., 44, 141 (1925). 
134 &, Zintl and H. Wattenberg, Ber., 55, 3366 (1922). 
135 H, H. Willard and F. Fenwick, J. Am. Chem. Soc., 45, 933 (1923). 
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cek 186 ferric salts are reduced first. The jump in potential 
after the reduction of the iron is small, and good results are only 
obtained when the determination is made in acid solution at 
room temperature. Inflection-potential after iron reduction, 
0.265 volt (against N.C.E.). If one titrates slowly to this 
potential, good results are obtained. After the reduction of 
the iron, 0.5 g. of potassium thiocyanate is added and the 
copper is determined as described above. If the ratio between 
the concentrations of ferric and cupric ions is unfavorable it is 
difficult to determine the first break in potential accurately. 

Antimony.—E. Zintl and H. Wattenberg !%7 reduce quinqui- 
valent antimony with an excess of titanous chloride. Kolthoff 
and Tomicek (loc. cit., p. 802) apply the direct titration. The 
reduction goes extremely slowly at room temperature and the 
results are poor. On the other hand, the reduction is relatively 
rapid at 90-95°, and a determination may be made in half an 
hour. Inflection-potential, -+ 0.160 volt. The presence of 
arsenate has no disturbing effect on the direct titration of anti- 
monate. When an arsenate solution is warmed for a long time 
with an excess of titanous solution, reduction takes place; 
finally arsenic itself is precipitated. 

Antimony and Iron.—Although the oxidation-potential for 
quinquivalent antimony is but slightly different from that for 
ferric iron, we may make use of the slow reduction of antimony 
to estimate iron in its presence. The titration is made at room 
temperature, slowly near the end-point. After the potential 
break has been located the solution is warmed to 90°-95° and 
the quinquivalent antimony is reduced to the trivalent 
state. 

The titration of copper in the presence of quinquivalent anti- 
mony is not so simple as the above. The cuprous salt which 
is formed acts as a catalyst in the reduction of the antimony. 
Useful results are obtained only when the titration is made in 
tartrate inedium in the presence of potassium iodide. 


136 T. M. Kolthoff and O. Tomicek, Rec. trav. chim., 48, 812 (1924). 
137 FE, Zintl and H. Wattenberg, Ber., 56, 472 (1923). 
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Uranium.—Urany]l salts are reduced to quadrivalent uranous 
ions: 


UOstt + 4H+ +206 2Utt+t+ 4+ 2H20. 


‘According to Kolthoff and Tomicek (Joc. cit., p. 804) the results 
of the titration are satisfactory for hydrochloric acid solutions. 
If the work is done at room temperature, a long time elapses 
after each addition of reagent before the potential is constant; 
if the titration is made with the solution at 55°-60°, good values 
are obtained relatively rapidly. The more acid the solution, 
the higher is the potential during the titration; the inflection- 
potential depends upon the acidity. In 10 per cent hydro- 
chloric acid it was + 0.040 volt; in 1.25 per cent HCl, — 0.130 
volt (against N.C.E.). Excellent results are obtained in the 
presence of an excess of tartrate; it is therefore recommended 
that the titration be made with much Rochelle salt present 
(accuracy, 0.2 per cent). Inflection-potential, — 0.380 volt; 
temperature, 75°. Particular care must be exercised in 
shielding the solution from air, because uranous salts are easily 
oxidized. 

Ferric and uranyl salts may be easily determined in the 
presence of each other (Kolthoff and Tomicek, Joc. cit., p. 814). 
The ferric salt is first reduced. The determination may be made 
in hydrochloric acid solution. After the reduction of the iron 
it is well to add an excess of Rochelle salt. The first inflection- 
potential (completion of reduction ferric to ferrous ion) is 0.240 
volt. The results are accurate. 

Bismuth.—In weakly acid solution bismuth ions are reduced 
to metal by titanous chloride. E. Zintl and A. Rauch 13° have 
applied this fact in the potentiometric titration of bismuth 
salts. The reduction goes very slowly at room temperature; 
at 80° the potential soon becomes constant. ‘Titanic acid also 
separates in the warm, weakly acid solution at the same time as 
the finely divided bismuth. Since this titanic acid includes 
some bismuth salt, Zintl and Rauch add tartaric acid which 
prevents the precipitation of titanic acid. The bismuth pre- 


138 E, Zintl and A. Rauch, Z. anorg. Chem., 89, 397 (1924), 
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cipitates as a dark powder which is deposited in flocs on the 
platinum electrode during the titration. Under these condi- 
tions the results are irregular, often differing by several per 
cent from the correct value. Hence care must be taken that 
the electrode is not entirely covered with bismuth. In this 
way accurate results are obtained. The electrode must be 
ignited after a few successive titrations. It must be cleaned ina 
dichromate-sulphuric acid bath before every titration. The sharp- 
ness of the potential break is dependent upon the acid concentra- 
tion. The free hydrochloric acid content may not exceed 
0.5 per cent. The bismuth is kept in solution by the addition 
of sufficient tartaric acid and sodium chloride. Carbon diox- 
ide is passed through the solution during the titration. Inflec- 
tion-potential, 0.140 volt (against N.C.E.). Maximum error, 
1 drop 0.1 N TiCls, which equals 0.2 mg. bismuth. 

Nitrate has a disturbing effect. In the presence of acetic 
acid—acetate buffer, the jump in potential after the complete 
precipitation of the bismuth is much greater than in dilute 
hydrochloric acid solution. Enough acetate must be added to 
bind all free mineral acid. Sodium chloride is added if the 
solution becomes turbid. Tartaric acid may also be added. 
The best results are found when the solution is warm during 
titration (80°). Inflection-potential, — 0.340 volt (against 
N.C.E.). When Miiller’s method is followed the titration 
gives a good result in two minutes’ time. Nitrate must be 
absent. The authors suggest that the titration will also be 
successful in the presence of a large excess of Rochelle salt. 
This bismuth titration, as described by Zintl and Rauch, is of 
special advantage when the solution contains lead. When the 
titration is made with dilute hydrochloric acid or acetate medium 
(great excess of ammonium acetate), bismuth alone is precipi- 
tated. 

In a further study of the subject, E. Zintl and A. Rauch 189 

give the details of the determination of bismuth in the presence 

of other metals. It may be concluded from their results that 

the titration does not give theoretical results in either hydro- 
189 &, Zintl and A. Rauch, Z. anorg. allgem. Chem., 146, 291 (1925). 
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chloric or acetic acid media. A 1.2 per cent excess of titanous 
chloride is required. According to Zintl and Rauch, the devia- 
tion is constant and is independent of the nature of the solution. 
In the presence of cupric copper, or of iron salts, the excess is 
diminished to 0.6 per cent. The authors believe that a further 
systematic study of this method of titration is necessary. 

A jump in potential occurs at the completion of the reduction 
of ferric salts, after which the bismuth is precipitated. Cupric 
copper, if present, is reduced to the cuprous condition before 
the beginning of the reduction of bismuth to metal. A 
jump in potential occurs at the end of each of these processes. 
Finally, cuprous copper is reduced to the metallic condition. 
Zintl and Rauch recommend the addition of as much as 5 to 10 
per cent of sodium chloride in order to prevent the simultaneous 
precipitation of metallic bismuth and copper. The sodium 
chloride forms a complex with the cuprous chloride. The 
titration must be made in hydrochloric acid solution if iron 
and copper salts are present. In this instance the determina- 
tion is not possible in the presence of acetic acid and acetate. 
The titration must be carried out in acetate medium if stannic 
tin is present. If the solution contains only hydrochloric acid 
and chlorides, cadmium and arsenic do not interfere. The 
presence of antimony, however, makes the bismuth determina- 
tion impossible. 

Gold.—According to E. Zintl and A. Rauch,'*° the gold of an 
auric salt solution is reduced to the aurous form and then to the 
metallic state by warm titanous chloride solution in a hydro- 
chloric acid medium. Before the beginning of the titration they 
add several drops of potassium bromate in order to be sure that 
all of the gold is present in the auric form. In the titration with 
the reducing agent, the first jump in potential occurs at the 
point where all of the bromate is reduced, the second after 
quantitative reduction of the gold to the metallic state. The 
first inflection-potential lies at 0.760 volt, the second at 0.240 
volt against the saturated calomel electrode. Even very small 
amounts of gold—as little as a few milligrams—may be deter- 

140, Zintl and A. Rauch, Z. Elektrochem., 31, 428 (1925). 
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mined with great accuracy (about 1 per cent). Mercury, tin, 
lead and bismuth do not interfere. 

In the presence of cupric solution the gold is first reduced, 
and then cupric reduced to cuprous ion. 

Ferric iron and gold establish an equilibrium in hydrochloric 
acid solution. The ferric ions are bound in a complex, however, 
by the addition of phosphoric acid, and the titration of gold is 
then possible. 

Titration of Anions.—Permanganate.—The titration of this 
oxidant with titanous sulphate gives accurate results, according 
to Hendrixson and Verbeck.!#4 It can not be titrated with 
titanous chloride because hydrochloric acid interferes. 

Dichromate.—The titration yields good results; toward the 
end of the reduction the potential changes relatively slowly and 
it is necessary to wait a few minutes until it becomes constant. 
Kolthoff and Tomicek (Joc. cit., p. 784) state that the jump is 
very great, being 600 millivolts for 0.025 cc. of 0.1 N reagent. 
At 50°-60° the potential becomes constant more rapidly, so that 
it is advantageous to work at the higher temperature. Inflec- 
tion-potential (with iron-free titanous chloride), + 0.300 volt. 
This value, however, changes with the acidity of the solution. 

Dichromate and Ferric Iron.—The dichromate is first reduced 
and then the iron. If both are present in equivalent concen- 
_ trations the inflection-potential is + 0.590 volt; if the ratio 
is 1 : 2.5, the voltage is + 0.610; at 1 : 100 it is .650 volt. In 
the latter case dichromate may still be determined in the pres- 
ence of iron with an accuracy of 0.2 per cent (Kolthoff and 
Tomicek, Joc. cit., p. 809). In general, it is not advisable to 
titrate to a definite inflection-potential because its value is 
somewhat dependent upon the acidity of the solution. 

Ferricyanide.—W. 5S. Hendrixson !4? obtained good results in 
the titration of ferricyanide with titanous sulphate. When 
using titanous chloride, Kolthoff and Tomicek (loc. cit., p. 785) 
also found accurate values, although the break in potential is 
smaller than in the dichromate titration. A brown precipitate 


M41 W.S. Hendrixson and L. M. Verbeck, J. Am. Chem. Soc., 44, 2382 (1922). 
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of titanic ferrocyanide is produced during the titration. The 
potential rapidly assumes constant values after each addition 
of reagent; within wide limits the acidity of the solution is 
without influence on the result. Inflection-potential, about 
+ 0.200 volt (against N.C.E.). The titration must be made at 
room temperature since the ferricyanide is decomposed in warm 
acid solution. ‘The jump in potential is much greater when the 
titration is in tartrate medium; the liquid remains clear during 
the titration. The results are accurate under these conditions. 

Dichromate and Ferricyanide.—The dichromate is reduced 
before the ferricyanide. Kolthoff and Tomicek (Joc. cit., p. 811) 
obtained good results when the solution contained at least 7 per 
cent of hydrochloric acid. The first inflection-potential, corre- 
sponding to the end of the dichromate reduction, lies at + 0.850 
volt (against N.C.E.); the second, corresponding to reduction 
of ferricyanide, is at 0.220 volt. 


Vanadate.—Vanadate is reduced to quadrivalent vanadyl 
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During the titration the potential alters very regularly and soon 
becomes constant after additions of reagent. The reflection- 
potential is at + 0.280 volt when the titanium solution is free 
from iron, whereas if iron is present it lies at + 0.540 volt. There 
is no advantage in carrying out the titration in hot sclution. 
The first jump in potential occurs when quadrivalent vanadium 
salt has been formed. 

Now vanadyl ion may be still further reduced, viz., to tri- 


valent vanadium; according to Th. F. Rutter !4? the normal 
IV 

potential of the system a is + 0.312 volt (referred to the 
normal hydrogen electrode). 

Kolthoff and Tomicek found that more than the theoretical 

amount of reagent was used in acid solution. Better results 


were obtained in tartrate medium. The titration, with a 


143 R. Peters, Z. physik. Chem., 26, 193 (1898); Th. F. Rutter, Z. anorg. Chem., 
52, 368 (1907); M. Hofer and F’. Jacob, Ber., 41, 3187 (1908). 
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Rochelle salt solution, may be made more quickly at 50°-60° 
than at room temperature. Inflection-potential, about — 0.120 
volt (N.C.E.). When the titanous solution contains iron, three 
potential breaks are found in the titration of the vanadate 
solution. The vanadate is first titrated in acid solution; the 
tartrate must not be present at the start because vanadate has 
an oxidizing action on the tartrate. After the first break in 
potential has been reached the Rochelle salt is added and the 
titration is continued at 56°-60° to the second break. 

Vanadate, Dichromate, and Ferric Iron——When a mixture 
of these three substances is titrated with a titanous solution 
the vanadate and dichromate are first reduced simultaneously, 
after which the reduction of the iron begins. If the ratio of 
the components of the mixture is not unfavorable, all three 
substances may be determined by one titration. It is first 
carried to the initial potential jump, where dichromate has been 
completely reduced to chromic salts, and the vanadate to quad- 
rivalent vanadium; the ferric salt is then reduced, and then, 
after addition of Rochelle salt, the quadrivalent vanadium is 
reduced to the trivalent stage. By subtracting the amount of 
reagent used between the second and third inflections 
(v'’ +V"™), from that required up to the first, we have the 
number of cubic centimeters of reagent which were required for 
the reduction of the dichromate. Accurate results are obtained 
in the above-described manner. 

Todate.—The titration of iodate with titanous sulphate gives 
good results. W. S. Hendrixson !44 found the first break in 
potential after complete reduction of iodate to iodine. On con- 
tinued addition of reagent a second break is found, after more 
than enough reagent to reduce the iodine has been added. 
Kolthoff and Tomicek (loc. cit., p. 791) confirmed the note- 
worthy fact that iodine reacts slowly with titanous solution. 
They found that the titration goes smoothly in presence of 
cupric ions. They stated that three breaks in potential occur 
when titrating with titanous chloride solution. The first corre- 
sponds to complete reduction of iodic acid to hypo-iodous acid, 

44. WS. Hendrixson, J. Am. Chem. Soc., 45, 2013 (1923). 
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the second occurs after reduction to iodine, and the third when 
iodine has been reduced to iodide. The titration of iodate with 
titanous solutions is of little analytical significance. 

Bromate.—According to Hendrixson (loc. cit.), the bromate 
titration may be carried out more satisfactorily in hydrochloric 
than in sulphuric acid solution. He used a mercury seal so that 
no bromine could escape during titration. A large change in 
potential is found when the brornate has been reduced to bromide. 

Chlorate.—The potential curve has about the same form as in 
the bromate titration, with the difference that the potential lies 
somewhat higher during the titration. The break in potential 
upon complete reduction to chloride is very large, being about 
1 volt for 0.1 cc. of 0.1 N solution. 

Molybdate.—The reduction of molybdic acid to quinquiva- 
lent molybdenum by trivalent titanium was observed by Knecht 
and Hibbert. They did not base a volumetric method for 
molybdenum upon this fact. H. H. Willard and F. Fenwick !45 
found that the reduction was sufficiently rapid for the application 
of the potentiometric method. They used the polarized bimetal- 
lic system. They found that ordinarily the maximum was 
perfectly definite with slow addition of reagent near the end- 
point. Equilibrium is maintained in this way; otherwise an 
irregular and transient decrease in E.M.F. may result before 
the reaction is quite complete. They state that it is safest to 
add several drops more of titanous solution after the supposed 
end-point is reached, to make sure that the potential decrease is 
permanent and is becoming larger. The rate of reduction is 
not ideally rapid. For this reason Willard and Fenwick suggest 
that a better end-point would be obtained with the usual mono- 
metallic electrode system. They found that more reagent was 
used than the theoretical quantity for reduction from molybdic 
acid to quinquivalent molybdenum; under certain conditions 
the error may be 2 to 3 per cent. 

I. M. Kolthoff and O. Tomicek '46 made a careful investiga- 
tion of the molybdate titration, using the monometallic system, 


145 H. H. Willard and F. Fenwick, J. Am. Chem. Soc., 45, 928 (1923). 
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and were unable to confirm the above statement. In agreement 
with Willard and Fenwick, they found that the solution must 
be warm when titrated. The most suitable temperature is 
75°-80°. They also confirmed Willard and Fenwick’s conclu- 
sion that the solution must be fairly acid; a concentration of 
5-10 per cent of hydrochloric acid is advisable. When a deter- 
mination is made under these conditions it is found that the 
first drops of titanous chloride color the solution brown; it then 
becomes yellowish brown, and finally a muddy brown. Kolt- 
hoff and Tomicek obtained excellent results even when the 
quantity of molybdenum was small. Inflection-potential, about 
+ 0.01 volt (against N.C.E.). If the titanous chloride contains 
iron, good results are obtained provided that the titer is found 
with ferric alum as a standard. 

Willard and Fenwick applied the method to the determina- 
tion of molybdenum in ammonium phospho-molybdate. Kolt- 
hoff and Tomicek found that phosphoric acid had a disturbing 
action; too little reagent was required. The color of the liquid 
is different from that observed when phosphoric acid is absent; 
it rapidly becomes blue during titration, and finally becomes 
turbid. It is an interesting fact that tungstate does not inter- 
fere with the molybdate titration (Willard and Fenwick). 

Selenite.—Monnier 47 and also Moser '48 observed the fact 
that selenious acid is reduced to metal by titanous chloride. 
H. H. Willard and F. Fenwick !*° titrated selenious acid with 
titanous sulphate potentiometrically, using the bimetallic elec- 
trode system: 


SeO3- + 6H*+ 4Titt+* & Se + 4Tit+++ 4+ 3H.20. 


They found that the reaction takes place quantitatively as 
shown in the equation when the solution contains 25 to 75 cc. 
of concentrated sulphuric acid per 100 cc. of solution. With 
small acidity their results were not good. The liquid was 
saturated with sodium chloride, which aids in the coagulation 

147 M. A. Monnier, Ann. chim. anal. appl., 20, 1 (1915). 
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of the selenium during the titration, thus enabling the end- 
point to be determined accurately. 

Kolthoff and Tomicek 15° used the monometallic system 
and found that the potential assumed a steady value very 
slowly at room temperature; on the other hand, at 50°-60° the 
determination may be carried out fairly rapidly. They con- 
firmed the conclusions of Willard and Fenwick with regard to 
the effect of acidity and presence of sodium chloride. The 
inflection-potential is dependent on the acidity, being higher 
with larger acid content of the liquid. In a liquid containing 
6 per cent of hydrochloric acid it is + 0.150 volt; with 15 per 
cent of acid, + 0.190 volt; with 19 per cent HCl, + 0.230 volt. 
Accuracy is 0.1-0.2 per cent. It is not essential to carry out the 
titration in a strongly acid medium; good results are obtained 
in the presence of a large excess of Rochelle salt if one titrates 
at 55°. The inflection-potential lies much lower than in acid 
medium; thus in the titration of a mixture of 25 cc. of 0.1 N 
selenious acid, 25 cc. of 30 per cent Rochelle salt and 50 cc. of 
water, it was — 0.300 volt (against N.C.E.) 

According to Willard and Fenwick (Joc. cit.), one of the most 
surprising and interesting things in connection with the selenium 
determination is the fact that the volume of titanium solution 
used in the titration of mixtures of selenium and ferric iron is 
the same as that for selenium alone, although ferrous iron is 
formed during the precipitation. In opposition to this, Kolt- 
hoff and Tomicek found that ferric iron was reduced simultane- 
ously and quantitatively and that there was one potential 
break at the completion of the reduction of both substances. 
According to Willard and Fenwick, tellurium, even in large 
quantities, does not interfere with the titration of selenium 
although it seems to affect the character of the end-point. 
“The fall in potential as the end-point is passed does not always 
occur, but the rise is fully as sharp as in the absence of these 
substances.”’ 

When cupric salts are present the potentiometric titration 
gives two end-points, according to Willard and Fenwick. The 

150 J. M, Kolthoff and O. Tomicek, Rec. trav. chim., 48, 794 (1924). 
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first occurs when selenium is completely precipitated, the second 
at the conclusion of the reduction of the copper. ‘‘ Towards 
the end of the first reaction the voltage starts to rise slightly. 
There is a long, distinct upward swing that marks the end- 
point, followed usually by continued rise. The copper end- 
point is a second sharp rise.” Kolthoff and Tomicek, how- 
ever, found when using the monometallic system that the cupric 
salt was reduced simultaneously with the selenious acid. 

Nitrite; Nitrate; Per Salts ——Kolthoff and Tomicek were 
not successful in determining these substances by direct titra- 
tion with titanous solution. Even the reaction between titan- 
ous chloride and hydrogen peroxide takes place very slowly. 

Dyestuffs; Nitro Compounds.— The direct titration of 
dyestuffs and nitro compounds with titanous chloride has not 
yet been studied. The authors suggest that these titrations 
will be possible under the proper conditions.'®°! Thus Kolt- 
hoff and Tomicek (unpublished studies) found that the direct 
titration of methylene blue was possible in the presence of 
Rochelle salt. There was a sharp break in potential at the 
end-point. 

Kolthoff and Robinson (unpublished investigation) titrate 
nitro compounds in a very simple way. As Kolthoff showed 
(p. 287), the reduction-potential increases regularly with decreas- 
ing hydrogen-ion concentration; reduction is therefore com- 
plete much sooner at low acidities than at larger hydrogen-ion 
concentrations. Kolthoff and Robinson apply this principle 
in the estimation of nitro compounds. Thirty cubic centimeters 
of 20 per cent sodium citrate (tertiary salt) are added to the 
solution to be titrated, and then carbon dioxide is passed 
through. After three minutes the air is removed, and titanous 
solution is added slowly until the solution is distinctly dark 
violet colored. When this point has been reached there is only 
a slight excess of titanous salt which is titrated back with ferric 


161 The indirect potentiometric titration of aromatic nitro compounds has been 
studied by F. L. English, J. Ind. Eng. Chem., 12, 994 (1920); of azo coloring 
matters by D. O. Jones and H. R. Lee, J. Ind. Eng. Chem., 14, 46 (1922); of 
triphenyl methane and azo compounds by W. S. Calcott and F. L. English, J. Ind. 
Eng. Chem., 15, 1042 (1923). 
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alum solution of known strength. The titanous chloride may be 
standardized in citrate medium with a pure ferric alum solution. 
In all of the cases investigated, the theoretical values were 
found. Boiling is unnecessary as the reduction takes place 
quickly enough at room temperature. A direct titration of the 
nitro compound under these conditions can not be recom- 
mended, because the reduction of the last traces of the nitro 
compound at the equivalence-point goes very slowly and it 
takes a long time (forty minutes) to finish the titration. 

In citrate medium there is no danger whatever of chlorina- 
tion of the nitro product. The method therefore has distinct 
advantages over the usual procedures applied by organic 
chemists. 

When we are dealing with volatile nitro bodies the carbon 
dioxide is only passed through the citrate solution. When 
the latter is air-free, the nitro body is added and the passage 
of carbon dioxide is stopped. After thorough stirring the titan- 
ium chloride is added and when an excess is present the carbon 
dioxide stream is again passed through. In working with 
nitro benzene and other volatile nitro compounds, Kolthoff and 
Robinson obtained correct results. 

As a matter of fact, the method may also be applied to the 
determination of other organic compounds that are reducible 
by titanous chloride (nitroso compounds, dyestuffs, etc.). 

In this connection, mention should be made of the impor- 
tant work of W. M. Clark and B. Cohen !*? on the reduction- 
potentials of indigo sulphonates and indigo phenols. 

We may also anticipate that a direct titration of quinones 
will be possible. 

13. Reduction with Stannous Salts.—The direct potentiomet- 
ric titration of ferric iron with stannous chloride gives unsatisfac- 
tory results, according to H. R. Adam.!°° He adds an excess of 
reducing agent to the hot ferric solution and titrates back with 


152 W. M. Clark and B. Cohen, U. S. Public Health Reports, 38, 443, 666, 933, 
1669 (1923); 39, 381, 804 (1924). 
183 AR. Adam. T. S, African Chem. Inst., 8, 7 (1925); through Chem. Abstracts, 
19, 1832 (1925), 
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dichromate or iodine (cf. p. 251). The presence of titanium in 
the solution does not affect the reduction of ferric ion by stan- 
nous chloride. 

Apparently other possibilities of the use of stannous salts as 
reductants in potentiometric titrations have not been studied. 


ADDENDUM 
REDUCTION WITH FERROCYANIDE 


The Reaction between Ferrocyanide and the Halogens.— 
Carlos del Fresno !>4 found a large jump in potential at the equiv- 
alence-point of the reaction between chlorine and ferrocyanide. 
When bromine is titrated in the same manner the jump is 
smaller, and with iodine only a very slight change in potential 
is found at the equivalence-point. 

If the N.C.E. is used as standard half cell the inflection- 
potentials found by del Fresno are: 


Roe Starting with | Starting with 

Halogen Ferrocyanide 
- Volt Volt 
Cl. + 2Fe(CN)s~ = 2Cl~ + 2Fe(CN)e=....... 0.656 0.626 
Bro-- 2Fe(CN)¢ = = 2Br= fF 2Pe(CN ean. 0.549 0.554 
I, + 2Fe(CN)¢ = 2I1- + 2Fe(CN) =....... 0.263 0.251 


The first two titrations have no analytical significance 


because of the volatility of bromine and chlorine. 


The poten- 


tial break in the titration with or of iodine is too small, in the 


authors’ opinion, to give accurate results. 


Del Fresno remarks, 


moreover, that the jump does not occur exactly at the equiva- 


lence-point. 


TITRATION WITH SopruM NITRITE 


Application of the Potentiometric Method to Diazotation, 
and the Quantitative Determination of Amines.—When the 


#64 Carlos del Fresno, Z. Elektrochem., 31, 617 (1925). 
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solution of an aromatic amine is diazotized free nitrous acid is 

formed at the completion of the reaction. A solution of nitrous 

acid, in contact with a platinum electrode, gives a definite 

potential. E. Miiller and E. Dachselt !°> have found that there 

is a jump in potential at the equivalence-point of the titration 

of the acid solution of an aromatic amine with sodium nitrite. 
In the titration of aniline the reaction is: 


CesHsNH2HCl + NaNOz + HCl @ CeHsNeCl + NaCl + 2H20. 


The partial reactions that determine the potential are not known. 

The potential requires a long time to become steady during 
the titration. Therefore it is necessary to wait five minutes 
or more after each addition of reagent. The liquid must be 
stirred vigorously to obtain regular E.M.F. readings. The 
potential reaches a maximum at the equivalence-point, falling 
upon further addition of nitrite. Miiller and Dachselt ascribe 
this behavior to the nitrous acid. If dilute hydrochloric acid 
is added to a nitrite solution the potential falls with increasing 
nitrous acid concentration. 

The “ Miiller system ” is recommended as practically con- 
venient. When the N.C.E. is used as reference electrode a poten- 
tial of 0.58 volt is opposed to the reaction cell, a potential 
divider being used to secure the proper voltage. The end- 
point is reached when the zero-point instrument (galvanometer 
or capillary electrometer) gives no deflection. Equilibrium is 
reached very slowly in the neighborhood of the end-point, and 
it is necessary to wait some time after a zero reading is obtained 
to be sure that the potential is constant. If this is not the case, 
nitrite is added drop by drop until the galvanometer reading 
is constant at zero. At this point the liquid does not give a 
reaction with iodide-starch paper; the next drop does react with 
the paper. Miiller and Dachselt studied the titration of aniline 
(inflection-potential + 0.59 volt), xylidene (+ 0.56 volt), tolui- 
dene (+ 0.58 volt), and amino azo benzene disulphonic acid 
(+ 0.54 volt). 


155 2, Miiller and E. Dachselt, Z. Elektrochem., 31, 662 (1925). 
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For technical purposes it is still easier to use the Pinkhof 
system. Miiller and Dachselt therefore recommend a platinum 
electrode dipped into an acid solution of the same concentra- 
tion as that of the liquid to be titrated, and containing 1.92 
per cent of sodium nitrite, as an auxiliary electrode. The dip 
electrode described by E. Miiller 1°° also gives good results. 

Attempts were made to accelerate the reaction by using 
higher temperatures. Side reactions occur, causing errors: 
3 per cent at 60°; 0.5 per cent at 30°. At 20° or below the results 
are very accurate. Hence it is not necessary to cool in ice 
during the diazotization. Miiller and Dachselt did not study 
the effect of acid concentration on the inflection-potential. 

Care is necessary in the application of the above method 
in the opinion of Kolthoff, who had attempted to apply the 
reaction in the titration of dilute solutions of primary amines 
before the appearance of the paper by Miiller and Dachselt. 
He did not succeed in obtaining accurate results. No large 
jump in potential could be obtained even when the solutions 
were cooled in ice. Miiller and Dachselt applied their method 
in concentrated solutions. For instance, they titrated a solu- 
tion of 2.5 g. of aniline in 8 g. conc. hydrochloric acid, and 40 cc. 
of water, with a solution containing 196.2 g. sodium nitrite 
per liter. 

A more systematic study of the titration would be desirable. 


196 E. Miiller, Z. Elektrochem., 30, 422 (1924). 
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TABLES 


TABLE I 


STANDARD VALUES FOR CALOMEL ELECTRODES 
(REFERRED TO THE NorMAL HyproGcEN ELECTRODE) 


Electrode | E.M.F. 
0.1 N Calomel Electrode 0.3380 + 0.00006(¢—18) 
1 N Calomel Electrode | 0.2864 + 0.00024(¢—18) 
3.5 N Calomel Electrode 0.2549 + 0.00039(t—18) 
Saturated Calomel Electrode 0.2504 + 0.00065(t—18) 


Value of 0.0001983T in the formula: 
E = € — 0.0001983T log ¢c = & — A loge. 
A = 0.0577 + 0.0002(¢ — 18) 
between ¢ = 10° and 30°. 


- TABLE II 


NorMAL POTENTIALS 


The values are taken from No. 8 der Abh. der Deutschen Bunsengesellschaft, 
1915. The potentials are referred to the normal hydrogen electrode. 


: Normal 
Electrode Reaction Potential 
[LES oe syle oe a ee oe nee oe ae Leaeo) Vol 
Rae er ais Pern ee es een ces ed rans | —2.92 
BareeeB arian to Di On emai ebt dire imate eto tee ate es | —2.8 
DN acct Naina ape reece LOL aac at VONER ee Arcee e ceneele ae — 2.71 
SEO bein tte ahe hi geahe, AN tee cre See a ee ese ee —2.7 
Gale (© aerate fer a See Osa Sy ce nH 7 oe ee at —2.5 
WieeM or pe oh tual so Sines ates: 
ZnO Te 2nOo iw oO rt DIO ot Ane lea LS 
Mirren a} ne rn weeha hie tekups sabeccteiete = easton meaner ell — 1 
Cu + HS~ + OH-~ @ CuSgona + H20+206........... — 0.89 
Beas OKO) 8 Ea 8 LOW SUS) ee, en eae oer — 0.82 
Hg + HS~ + OH- = HegSgona + H20+26........... — 0.77 
Ti aed Ye ta ATS Ween ented on ad phe ane A Oe eee | —0.76 
2Ag + HS~ + OH™ @& Ag.Ssoua + H0 a) ee Nee — 0.67 
Cre Cras gated Oar iotstrat in denim aulel mime ees eee — 0.6 
12a) Se IBIS Oot es Mospritl ap lel@) sp Sys conn a goeas — 0.56 
Bb 2 Os — PbOsoiadakaO) tad Osea eee aa oer — 0.56 
JANUS levees tase o ell ene VAN A pris Dee )s plo bods word an geidio oe — 0.55 
Sie aclidicte 2 Oe ries ie sia Beals cm res Oreos — 0.55 
Heme Ole Contre) Oven tse Bae 051 
Agito) GNin— Ao (GN) set Ole site societies lave ne — 0.51 
Bie ae wadealee Du) en een beings ies Certara thd 5 Sustains eam ep — 0.43 
Coda C date Dua aera caged Wis. Aeneas tuo Gee oe — 0.40 
2Cu + 20H- = Cu2Osona + H20 +2 0........-..0005. — 0.35 
Pb SO ==PbSOsfeoa 210. ee ee ela = O34 
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TABLE Il—Continued 


Electrode Reaction 


Normal 
Potential 


AS eens Bae ct pee ahh eee ee Uys Soe ee ee coca yd 
Pb=5:20 = = Pb peolia ste: Oo eee ee 
Come" Cotte 256 te ae aes ee ee ee ee 
Pb + 2Br7- = PbBr2 ROMA e SS s-4 oe ca eee eee 
1) sp AG es Ny Se Shan vac tune conctaswsaonds. 
ING N Teed me ago era oe aoe Seer aan ee ce 
Cue is Culssnac Ol ore nee co a oe 
Ag = TD Sretc Ap lena ctes ier ee ie eyes ee tle eee 
|) areal 2 unui ane 5 ae eB marie hr 
poy oUt) vnc Gated © et Bape he NICE ce he Mowe eae S Pgh © 
H Sorel Camm Cae El ein AU |e ne, Sas Geers alan 
AN sty Ml cee 8 hal baesiib ape Alea ocegoco.sshanoSas< 
Eo a 2 Ha al 2a eee nae nae eee 
tS) Urmann) amurnr ania! Pasty RR hn coe One Reams cao: 
IN te SO lemreaated hentibap om aonnadencacousaecahsan: 
Hg + 20H-= HgOgoua =f AsO) at DS capa ee ee 
Gu-F Cla | CuChotd Oe cee ae | 
Ag+cl-2 Ag Cloidcih@© tee eee ee 
Zest) Clee pho Clorolidicta 21 > ae ee eee 
Cur Cuter 256 ae ee ee eee: 
2Ag- 20H ~ = AgzOzolia 4 20 4-2 Om es 
Fe( GN) emt Fe(CN) cacti sat ee ras ee 
AQT <== O39: 2H Oeeta Se ee pee een eee 
Cort Come tee G iC eee cork ee en er ee cee 
Cure Cue Se Ge aes Oh a ee eee ae eee 


Dig SO, = = Mes ee eee ee ee 
Ties Tee Seek ee ee ee 


He et Heth 0 Gree os snc ee ee 
NO H,O 2NO. = 43 On eee 


TNO = Oe AH Oe) nee ee 
Ae Are AER ace Aten cucen usecase es eee ee a 
Crain 4h. OO HCrOia Hao O ae eee 
Mnt* + 2H20 @ MnO» gona + 4H* +2 06.........0.. ' 
21> = Clot 2 Gas. tae ec See ee ee wate 

Cl- + 3H,0 & ClO;— + 6H* +606.....0...%: Saree 
Pbt+* + 2H.O & PbOs gona + 4Ht +2 0......0.5.2.. 

ANT 2 2A Ute 1G) eres hee ee ee 

MnOs2 gona + 2H20 @ MnQy~ + 4H+4+36.....020....... 
PbSO4 song + 2H20 @ PbO2 + 4H* + SOq=+26......... 
OF HO 02 2H F-E2'6 eee 

28 = Fig $20 ee eee 


=a {i}, 
= (). 
= 
= 0), 
= Uy 
=U. 
= (0 
= (0. 
== (), 
= 0, 
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29 


27 
26 
22 
17 
14 
12 
10 
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TABLE III 


IONIZATION CONSTANT OF WATER AT VARIOUS TEMPERATURES 


Temperature Ky PKw 
0° OR 10m 14.92 
10 OFS x10 p52, 
18 ONE elms 14.16 
25 110m 113592 
30 SOS 1375 
50 & Sle 13.10 
60 WO NO 12.90 
70 TN SA 12.67 
80 os Or 12.46 
90 53 10=t 12.28 
100 13 Siler 12.14 

TABLE IV 


DISSOCIATION CONSTANTS OF SOME AcrIDS AND BASES 


Acid Ka bx(=— log Ka) 
Inorganic Acids 
IATSEMIOUSHORIGC seer mases Sunes SRO eo GO Qe 9.22 
AT SCRIG AGG sits tS COD mmaurs teirete ince om cane re 5 SO" DY 
IBOricraCl depaamrtaprarstearnocte cin clan eaten dies ete OG Xilo— 9.18 
Garbonicracidsmirstysteprmarrtare mire ere eee: 3.041077 6.52 
SECONGES LED Mt ry iran ay Soo: © SElQre 10.22 
BhospHone acid wilststep mira corner nit leil SikO-e 1.96 
Secondistep aah esas wes oss: | OSS 6.7 
Ehindastep amp meny einen onen ates | 8.0 SO“ 12.44 
Pyrophosphoric acid, first step............... 1.4 x107! 0.85 
SECONGESTE Dasara ee: ib at Se 1.96 
Chindsstepaeemnr soe oar DS) SMOMs 6.54 
ROW Minoo agaenedass Do) SOU’ 8.44 
INMOS BVOUClS Soc oo ag 6bcte.00 ad Soe moe bere A Sik 3.40 
Sulphuric acid, second step...........-. ee ion a Om 1.50 
Sulphurousiacids fitststepr tacts ee oe nl if SlO—= 1.77 
SECONGESLOP ame eer ernie tk: = Sealet 7 
Hydrogen sulphide, first step................. Delf FA-e 7.24 
Secondistepity aan ae 1 FOO 14.92 
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TABLE IV—Continued 


Acid | Ka bx(=— log Kg) 
Aliphatic Acids 
ACELIC A CLAS etre: Sete ere hae eee ene 1S O>G10me | 4.73 
Citrie-acidy lirct-step ttaes name att ho ee: 8.251054 3.09 
Secondtstepaenaace hae ee ee S SKilOrs 4.3 
third’stepae ant reece eer gee Same Ome Shae) 
Pormictacid yaccmimacemt teen ee eee Sele Set 
Gly cinerea er ee eee Che 3.4 X107% OFS] 
Gly collictacid neta are ee ee ee re ee S21 Ome 3.82 
Hy drogenscy anid enre erin i wearer a tere W123 SEO 9.14 
Pacticvachdsaesgwin sous hoe os Ae ee eel 3.81 
OxalicacidShirstistep eres cet 3.8 X107? 1.42 
SCCONGISLEPM meee Oe ara SE Ome 4.46 
Succinic acidustirst:step aa see ar emeierr rns 6.55X10~* 4.18 
SECONGISLED HE eat rae ieee Bae) PAO 5.23 
clarfaric acids titstiste Deer ee tee ere Del 10s 3.01 
Secondistepiagy. aan ae eee Ore 4.05 
Aromatic Acids 
Benzoiclacidita- 0 acetate mela erie irr seas 6.86X10~> 4.16 
Phenola(carbolicracid) ener eee ee ee sy DEO 9.89 
Phthalicracicwtirstistep jeter ier en ae 126X105 2.90 
Second:stepar mmc art erie See Ome 5.10 
IPicriGhaClG-a-2 Porshe ne a a tL oases 1.6 <X107! 0.80 
Saccharin’s qr c.tasrre ice orto ne oe sirshan eet a Jado Ome 1.40 
Salicylictacid eanrecrc aera sores oer ee 1.061078 2.97 
Sulphanilicra cides: ssn esmeseeen nics ears sees (Es) 2eOr BoP 
| 
Inorganic Bases 
ATION Ia is teen eq erence rE ra op Ome 4.76 
Hiydrazine ry ides te nce cae ee eee Sie Oia Soe 
Aliphatic Bases 
Bthylamine nas. ee cee etait te ae el oe SOM Xa Olea SEzo 
Diethylamines ese coe Medora tere ee ieee 1.26X10-* 2.90 
‘Triethylamine=w<. Greco ots ace teere Cre ee 6.4 X10-4 3.19 


Gly cities 2 cseiesaraguslte salt anea en eninnaenee Dll Snore ST, 
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TABLE IV—Continued 


Acid | Ka (px= cal log KR) 


Aromatic Bases 


PX COMMING Wentee er Mee he. Fad Ronee Mose ave cea AS SOG 5.88 
PATTI Cpe Ge eRe tetera t cen eek aitay it Sips POO: 4.6 X1071 9.34 
APOMOTP LING ein Se He es oor too yo el Om! 7 
FNUTODIN One tatees eye tin cnt este oc ee 4.5 X107 4.35 
ISSAUSTYS SERIO, Gu pcos eso edo ee ocean eae 9.2 X10~7 6.04 
SECOnGESte Dhaene a pe POenn A tact LA 2 Om 11.7 
WOCAIN CPEs Sas een in er iy ate Palo ue own eh BAS. SOE 5.6 
Codeine Aye ee ee aoe hake oe <10ms 6.05 
Colchicine Se. one eer atria can cle aan tae 4.5 X107-8 12235 
CONMB Ere meee ge eitta are aa sian oe atin S10? 2.89 
ECpOnine meer nya. einer at beers once 6 X<107%2 il YP 
Me LINC MATS tSLeD smears easter item ieee Lo SIO-9 Sod 
SECOnGISte pia mcte rea asta oie estore oS) ORY 6.64 
ivdrastinememrisr my eet enc cnc res i Lo SOR: Ha 
Tsoquinolines pmyec wie a yoe abies elena vere 2x Ome 8.7 
IMIORDIINe Searcy. Perec heat see eee og even ce raaees 6.8 X1077 6.17 
Narceinetn ee rey aici ae ain tune ec gan Me 2 Om 10.7 
INArCOLINE eaten aa oe sel ita ele nrdeion Sales eB) Ds 7.83 
INKED, SITAR 5 Goan 16 ome a ohobeounas Ha. ti SOY 6.16 
Secondhistepi amperes cat ach riacrt Wee xO 10.86 
Papa verineranrrctreei ict certo: seers vie oe Sire 8.10 
JPL NYO OOM, JIE SU) n oo anguoodsacoduses- AO SO 6.12 
Secondestep ae anos ae Soll Ses 12.24 
(Binerazine miitstastepmr erate ite artes: 6.4 X10™ 4.19 
SECONGIStED rye wae One eeinaelee a. Ball SSO 8.43 
Bilocarpinesairstaste pierre tnt tetera ae Ome dels 
SECONG SLED eer teciie cei ae helo De SENOS WAST} 
| Aa gi bhe oy Rye non Ree Cee ae a SR 2 Sire 8.7 
(OWI TTR GHD) s o ong ocudnrennodebunwor aes ib SOs 6 
SECONUEStEP en merce ee nena hash SCOR 9.88 
Oummidinesirstistepeesey tere ernie rrr Saf S<lOre 5.43 
SECOMAISLED om Speer team © xara he iod- XO? 10 
(Winchoninewinstsstep erpetreer eter tata 1.4 x107§ 5.85 
SECONC ESTED weenie ek ena s ue oe DeGlOm 10.3 
(Cinchonldinemiins (isle) eee rien tse er TOM LORE 5.80 
SECONGIStCD Pees ert: S745 x<105" 10.08 
ning line sane eck ws gaia te One ra A teas 3.2 «10-10 9.5 
Solanine ween Leer a clleiee Gin me Cerna es BD >< 6.7 
Sparteine, first step. cc... sacs sees n cee DeiLOm: 2.24 
SECON GESTED anette P-tetes riaeeeie Syik See 9.5 
Sfiny ch nimemetins taste -reetietyere eter tettelegefaregee re Om" 6 
Secondastepa somone teenie aes BD Seas 17 
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TABLE V 
SoLuBILITyY PrRopucTs oF SOME SALTS 


(Averaged Values from the Literature) 


Salt S Ps 
Ag Salts 
Inorganic 
Silver 
bromideh shan seeere ae erica orion A mas 12.4 
DrOMAatee HoMour ae emo en oko a <0 4.3 
Carbonatews ty ert ne RE 3 SO 1153 
ChloridG2key ature creck ee a ee eSNG 9.96 
chromate mora nccme: rege Teter any I SMe het 
CYAMIGever ects cache rare raed: 2 YN ahh 
Gichromatem ees ere esac tes DSA Oi On 7/ 
Hy CrOxId Geyer eee car se dias ccon tamer oe 2 SOT el 
LOCA CG. Ie = nO get ray EEN IRC ache 2 SANE Hell 
LOGIC Gaeta iensc ett cain iese ey Siete ik SOLS 16 
sulphide@rererr. <a fA a ee eae 120541042 48.8 
thipevanate saree, oer eh eee Geeta ib SCOR 12 
Organic 
Silver 
Den ZOat ez evade so ere ke roma ee en oer ane OFS Ome 4.03 
(OS CER ech Kars Aecroresti anor mn Para rte ts Ae al &. Scie 11.3 
salicylate’ gnu ute ete eee 1.4xX107 4.85 
Valerianate ten tee eer ee ee Se Os 4.1 
Ba Salts 
Barium 
Carbonate waetac er ce wee Gennes fh Solr’ 8.16 
chromatesa acter ee ieee eer ee 2D SOO 9.7 
IOCALER aS arta sets neee nae Tee oe eee Oe SO ay 
sul phateta. cectac eneab oe weer ae ie Omed 10 
Organic 
Barium 
Oxalate-33 oO raion tele eee iene 6.77 
Ca Salts 
Calcium 
carbonates cuhe oa re eee eee the? SSEO-E 7.92 
OTIC Gre traces eee pyar ee: ee Soe Omet 10.46 
LOCALE re clare eee Oe ORR 6.51077 6.19 
sulphate: Sear peo ee eS toe OAL SeilO-o 4.22 
Oxalate tte srr cds che en ee ee A Sal 8.7 
tartrate st Were ves we ee ited ee ee Uo iO" (65, iL 
Cd Salts 
Cadmium 
sulphidesi:s a. ste niee ee 4 ><10-2° 28.4 
oxalate Mite nie ee ee ee ee 110m 7.96 
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TABLE V—Continued 
SOLUBILITY PRopucTs or SoME SALTS 


(Average Values from the Literature) 


Salt S bs 
Ce Salts 
Cerium 
OYE EWU ee aia Boe ee os Ga OE Sr x 10m 9.46 
OXALATE Rea em ts Metek MieNeh esl ieee BASS MO 28.39 
Cartrates ere Geer Merny oem, mete ane D0 O- 19.01 
Cu Salts 
Cuprous E 
PROMI Ee Meron ny Ste ewes een ee Ae lelOme 7.39 
CHLOTIG Gauge he enh ete eee he i Slee 
TROGG BYG Vek ah, eee at nn fae bait Rarer ae Rer Rare S SO ith 8 
Gillalaiieleren ems. SMaladwan sala ide omen. DSCNS 46.7 
thiocyanate pers. slot attest eer NV OSCIORE 10.80 ? 
Cupric 
IOC LC MEP eee ee en ace ep VAxXdOR 6.85 
Sulphide weer: arian cee eee Seo Oia 44.07 
OXALATE eR EE en ee nee ee 2 YS NOS 7.54 
Hg Salts 
Mercurous 
TOMId een ten pete ean oe ree: WS <O- 20.89 
CHIOTIC ARAN eS nd rt te oooh ER 2.I1SIO Wf Ss 
TOC IC CET Re are eatin hee nnn oF il ASI) Ree Dif Soy 
Mercuric 
OXIGC Carpe otc oeaon non eretees 1.410725 25.9 
SUI DMG aereeernr era notes crs Sern oa nee a eel Omes 52.4 
K Salts 
Potassium 
Ditartrate sweat octane ere ounces Sh SO 355 
La Salts 
Lanthanum 
LOA COMER cit oR ERA Set aie cueeetecer se SO’ 9.23 
GRCUENTS. 3 ois cowie aR Oats Ce Ree 2 Slee Pt FH 
CALE ALC EEN ee ee BR Solo 18.7 
Mg Salts 
Magnesium 
CATHONALC REET SET resorts: I SOKO. St 
TBLEVOTSUG LNG: 5 Gucinen Bice aaa ee aneten ohare uo Sore 8.16 
layGlReb aC lGnd an ae eio ow ies Gee oot ASCO 10.92 
ammonium pnospnate sy. ese ees ee Dd, S96 MVE 12.6 
OXAlatee eee eT eT Me ei elon tor es ats 820x< 10m 4.07 
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TABLE V—Continued 
SoL_uBILITY Propucts oF SOME SALTS 
(Average Values from the Literature) 


Salt S 
Pb Salts 
Lead 
Carbonate iw eka eee ere eae Sa3 pl Ome 
CHTOM ALES eke: aero Ne ne nea Osan ere 123 <105* 
Aucride <2 wih 2 Mey | rete ee Oe ae eet oS 
TOCALOH FY, ai eens cece ie ae we Re ae 110m 
LOCI OLE Won Neen aes ae ao Bae Wey 1S x<1LOme 
Sulphate reer ssa pene ees saan terre eee, xO 
SUID HIG @ tert ep ieeee as, aeN eee ene aac ik Sale 
Oxalate acme te i Ler ee ee 3.41071! 
Sr Salts 
Strontium 
Carbonate anise ee ee eer eee TODAS? 
sulphates. can Nasa oe sas pee DOP 
OXALAT ON eR ns onan Pee enn are S Sele 
Tl Salts 
Thallium 
BYODUGe str. eee Bere see ae re 2 SOE 
rOnia (ene aoe ee ee ee Sire eter ate Sno Ome 
CHIOTIC Ghee tn ee MONAT eee Ce eee ISCO 
TOCA LC eects ok Reta eee hy eee at WY PSN 
LOCI CEL ieeo Uiohe et Ae 107 Pel AEE ie A oe 2.8X10-8 
Sulphide ce ee ee Ca Res 4.5X10-28 
TABLE VI 
SoME COMPLEX CONSTANTS 
Expression Value of K Expression 
Ag*][NH;]? Hgt*}(Cl-}4 
[Ag *][NH:] 6.8X<10-8 [Hg**Il eal 
[Ag(NHs)2*] [HgCly>] 
Agt][NO.-]? 
Tae Weaterot'a: (Hg**)[Br-}* 
or, ene. [HgBr.-] 
[Ag *][S2 37] 1 10-33 
[Ag(S203)2=] (Hes itait 
Agt][CN-]? [HgI,7] 
Faas a 1 10-2 
ee [Hg +(CN-}! 
+ -4 ee 
[CuttCN7} 5 ><10-28 [HgCN,7] 
[Cu(CN)4=] 
-}2 Het++ICNS-}4 
[HgCle}(Cl)? eine [Hg* CNS 71 
[HgCl.7] [Hg(CNS)47] 


Ps 


Value of K 


6 X<10>% 


Delmas 


<i 


Aa 10s s3 


a O22 
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TABLE VII 
List oF Ratronat Atomic WeIcHTs (1925) 


Atomic Weight Atomic Weight 


International ar : 
Element Symbol |Atomic Weight cee in Air, 
1925 (Rational Approximate 
Atomic Weight)| to 0.1 Per Cent 
Alumina 0.3605 4/5, Al 26.97 20.06 27 
ANGUNOMY = 2 <a e.e Sb PANE OE 121.705 121.8 
PANSOMEG, Sh ies Bac s As 74.96 74.95 75 
Barium oe. Sadia. 5 Ba 1SVimod WeG3i; 137.4 
IBV CVO DS 5 aa Bi 209 209.01 209 
BOvouee te ce aya os B 10.82 IO.81 10.8 
BEOMBINC. erase Hal = 0 Br 79.916 70.90 79.9 
Cadi, sia 180s Cd 112.41 II2.41 112.4 
Galli erence: Ca 40.07 40.00 40.1 
GCarbom: trast me ¢ 12 II .995 12 
Cerise aes (Ce 140.25 140.2 140.2 
(Chlorine seas ll 35.457 35.45 35.45 
Chromium eens Gr 52.01 52xOr 52 
(Cobalterrn sata sen Co 58.94 58.94 58.9 
Coppetance ee oes Cu 63.57 63.57 63.6 
Worn eas svaewerrers F 19 18.99 19 
CGollolis's sro cGrad eee te Au 197.2 197.22 197.2 
Hydrogen. «Je. c.es- H 1.008 I.OOI 1 
odin Gitar ceaterte etry. I 126.932 120.912 127 
OD ae eee, Fe 55.84 55.84 55.8 
ead carr eye one nec Pb 207.20 ZO Teer 207.2 
IGNOMD Ni as acres cnet ley 6.940 6.940 6.94 
Macnesiums anit es: Mg 24.32 24.32 24.3 
Manganese: -=....... Mn 54.93 54.93 54.9 
WIEREMISA, os aoeeoenne Hg 200.61 200.62 200.6 
Molybdenum........ Mo 96 90 96 
NRCC rere crete Ni 58.69 58.69 58.7 
Nitrogenase secre. N 14.008 13.908 14 
Oxygen be iin obese O 16 15.905 16 
Palladium ete ee Pd 106.7 106.7 106.7 
osphortismee ts -aret 12 31.027 31.015 31 
lacintimse ee seen Rt 195223 105.24 195.2 
[OENSSIETO nats ge cake K 39.096 39.0706 39.1 
Selemtumisehentccis cr Se 79.2 70.2 79.2 
Sillconeeew Nos een eee Si 28.06 28.05 28 
DIUVCLaR rites ree Ag 107.880 107.88 107.9 
So@ablitnen Wight oo csccmue Na 22.997 22.09 23 
Srrontlumienn ieee Sr 87.63 87.62 87.6 
SU vUieE coven eres ae S 32.064 32.049 32 
‘ToeMMnieh, 5 pedo ne coo. an 204.39 204.39 204.4 
PINTER eet tee eras bine Sn 118.70 118.70 118.7 
sRitansume annie Als 48.1 48.1 48.1 
ANGIE. coho coda gh W 184 184 184 
Wiriin, j.o0bncedet U 238.17 238.17 Lose 
Vanadium tase V 50.96 50.90 $1 
TAT Coe Nec. 1 RS da Zn 65.38 65.38 65.4 


Explanation of the Table.—The third column contains the international atomic 
weights, 1925, published in the second report of the International Committee on 
Chemical Elements. (J. Am. Chem. Soc., 47, 600 (1925)). 

These atomic weights are referred to weighings in vacuo. They should not be 
used for accurate analytical work unless a correction is applied for the buoyant 
effect of air. This correction has been calculated by N. Schoorl, by taking into 
consideration the atomic volume of each element. (Chem. Weekblad, 15, 547 
(1918); 22, 156 (1925); Z. analyt. Chem., 57, 209 (1918)). The fourth column con- 
tains this corrected list of rational atomic weights, which must be used in accurate 
quantitative work. 

In ordinary quantitative work the atomic weights which are listed in the fifth 
column may be used. They are approximated to 0.1 per cent. 
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carbonic, 208 
chromic, 214 
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fumaric, 208 
hydrochloric, 208, 214, 226 
isobutyric, 208 
lactic, 208, 217 
maleic, 208 
mellitic, 208 
nitric, 214, 226 
oxalic, 208, 226 
perchloric, 214, 226 
phosphoric, 211, 217 
phthalic, 217 
proprionic, 208 
succinic, 208 
sulphuric, 208, 226 
sulphurous, 239 
tartaric, 208, 226 
dissociation constants of, 20, Table 
LING, S2r/ 
dissociation constants of, polybasic, 
22 
Activity, 1, 165 
Adsorption, 121, 122 
Alkaloids, determination of, 215, 227 
Amines, determination of, 306 
Ammonia, determination in salts, 228 
Antimony, determination as sulphide, 
193 
determination with bromate, 256 
determination with dichromate, 251 
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Antimony, determination with titanous 
solution, 277 
electrode, 225 
Arsenate, 179 
Arsenic, determination of, 256 
sulphide, 193 
Atomic weights, Table VII, 333 
Automatic potentiometers, 157 
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Bases, dissociation constants of, 22, 
Table IV, 328 (cf. Neutraliza- 
tion) 

Bimetallic systems. 
systems 

Bismuth, determination as iodide, 202 

determination as sulphide, 194 
determination by reduction, 295, 296 
Boric acid, determination of, 211 
Bromate, determination of, 237 
determination with arsenite, 282 
determination with titanous solution, 


See Electrode 


301 
Bromide, determination with mercury, 
186 
determination with permanganate, 
238 


determination with silver, 301 
Buffer capacity, 45 
Buffer solution, 45 
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Cadmium, determination as ferrocy- 
anide, 271 
determination as ferrocyanide, in 
presence of zinc, 272 
determination as sulphide, 194 
Calomel electrodes, E. M. F. of, 141, 
Table I, 325 
preparation of, 138 
temperature coefficient of, 141 
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Capillary electrometer, 136 
Cerium, determination of, 265 
Chloramine T, 264 
Chlorate, determination of, 301 
Chloride, determination, indirect, 237 
with mercury, 186 
with silver, 165 
See Halides 
Chromic-chromate potential, 248, 249 
Chromium, determination of, 273 
in steel, 251, 274, 278 
Cobalt, determination of, 177 
ferrocyanide, 273 
sulphide, 194 
Complex ions, dissociation constants of, 
34, 102, Table VI, 332 
formation curve, 100, 104 
formation of, 33 
of silver, 165, 170 
Continuous-reading potentiometer, 157ff 
Copper determination 
in presence of antimony, 294 
in presence of iron, 293 
iodometric, 262 
with bromate, 255 
with sulphide, 194 
with thiocyanate, 195 
with titanous solution, 293 
Copper electrode. See Electrode 
Copper ferrocyanide, 273 
Cyanide determination 
in mixtures of halides, 171ff, 261 
in mixtures of halides, applications 
of, 173 
with mercury, 190 
with silver, 170 
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in oxidation-reduction reactions, 108, 
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maximum of, 74, 147 
relation to concentration, 75 
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Determination of 
acids. See Acids; Neutralizations 
amines, 306 
ammonia, 228 
antimony, 193, 251, 256, 294 
arsenic, 193, 256 
bismuth, 194, 202, 295, 297 
bromate, 237, 282, 301 
bromide, 166, 186, 238 
cadmium, 194, 291 
cerium, 265 
chlorate, 301 
chloride, 165, 186, 237 
chromium, 251, 273, 275, 276 
cobalt, 177 
copper, 194, 195, 255, 293 
cyanide, 170, 171, 173, 190, 261 
dichromate, 298, 299 
ferricyanide, 189, 298, 299 
ferrocyanide, 170, 189, 239 
fluoride, 262 
formaldehyde, 184 
gold, 297 
haemoglobin, 267 
halides, 164, 167, 170, 186 
hydrazine, 211 
hydroquinone, 286 
hypobromite, 283 
hypochlorite, 281, 282 
indigo, 246 
iodate, 237, 280, 300 
iodide, 166, 188, 191, 199, 200, 201, 

234, 236, 251, 252, 257, 267, 283 

iodine, 283 
lead, 193, 202, 272 
magnesium, 209, 211, 229 
manganese, 247, 284 
mercury, 195, 201 
methylene blue, 247 
molybdenum, 246, 301 
nickel, 176 
niobium, 246 
nitrate, 304 
nitrite, 237, 304 
nitro compounds, 304, 305 
oxalate, 239 
oxidants. See Oxidants 
periodic acid, 281 
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Determination of, permanganate, 298 
quinone, 286 
selenium, 302 
silver, 181, 182ff, 196 
sugars, 264 
sulphate, 272 
sulphide, 179, 191 
sulphite, 239, 253, 257 
tellurium, 280 
thallous salts, 201 
thiocyanate, 170, 188, 254 
thioindigo, 247 
thiosulphate, 180, 195 
tin, 193, 246, 251, 263 
titanium, 246 
uranium, 242, 244, 245, 295” 
vanadium, 244, 245, 274, 275, 277, 
278, 279, 299, 300 
zinc; 178, 189, 194, 268ff, 272 
Dichromate determination 
in presence of iron, 298 
in presence of ferricyanide, 299 
with ferrous solution, 273 
with titanous solution, 298 
Displacement reactions, 210 
Dissociation constants 
of acids, 20, Table IV, 327 
of bases, 22, Table IV, 328 
of water, 19, Table III, 327 
Drop burette, 162 
Dutoit electrode system, 152 
Dyestuffs, 304 
E 
Electrode, air, 212 
applications of, 213ff 
amalgam, 205 
antimony, 225 
cadmium, amalgam, 206 
calomel, 138, 141, Table I, 325 
copper, 195 
copper-cupric oxide, 230 
ferri-ferrocyanide, 264ff 
ferrocyanide-lead ferrocyanide, 125 
glass, 230 
higher oxide, 217 
hydrogen, 204 
applications of, 208ff 
disturbing factors, 207 


Electrode, immersion (Miiller), 260 
indicator, 70, 123 
iodine, 123, 196ff 
irreversibility of, 125 
lead amalgam, 206 
lead-lead ferrocyanide, 273 
mercury, 184ff, 192 
mercury-mercuric oxide, 227 
metal, 224 
oxygen, 212 
oxygen, applications of, 214ff 
platinum, indicator for silver, 182 
quinhydrone, 220 
applications of, 222ff 
silver, 164 
tungsten, 230 
Electrode potential, 38 
change in neutralizations, 90ff 
change in oxidations, 108ff 
change in precipitations, 71ff 
of metal, 38 
of non-metal, 40 
Electrode system, bimetallic, 153, 216 
polarized bimetallic, 155 
Electrode vessel, 207 
Electrometer, capillary, 136 
Electron, 40 
reactions, 40 
tube, 158 
End-point determination 
differential method, 155 
Dutoit method, 152 
exact method, 147 
general method, 147 
Miiller system, 150 
Pinkhof system, 148, 150 
criticism of, 151 
polarized bimetallic system, 155 
Treadwell system, 149 
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End-point maximum Fe , 147 
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Equivalence-point, 6, 59, 70 

in acid mixtures, 32 

variation of concentrations at, 10 
Equivalence-potential, 70, 106 

of halide-cyanide mixtures, 172 
Exponent, hydrogen, 20 

hydroxyl, 20 
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Exponent, ion, 2, 4 
during titration, 2, 71 
solubility, 4 
water, (pw), 19 


F 


Ferricyanide as oxidant, 265 

Ferricyanide determination with mer- 
cury, 189 

Ferricyanide determination 
solution, 298 

Ferricyanide-ferrocyanide potential, 264 

Ferrocyanide as precipitant, 267{f 

Ferrocyanide determination with mer- 
cury, 189 

Ferrocyanide determination with per- 
manganate, 239 

Ferrocyanide determination with silver, 
170 

Ferrocyanide titration with halogens, 
306 

Ferrousiron. See Iron 

Ferrous sulphide, 194 

Fluoride, determination of, 262 

Formaldehyde, determination of, 184 


with Ti 
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Galvanometers, 135 
Gold, determination of, 297 


H 


Haemoglobin, 267 
Halides, determination of, 164, 186 
in mixtures, 167, 171ff 
summary, 169 
Hydrazine, determination of, 211 
Hydrogen electrode. See Electrode 
Hydrogen exponent. See Exponent 
Hydrogen generators, 207 
Hydrogen-ion concentration 
and oxidation-reduction equilibria, 43 
of acid-salt mixtures, 27 
of base-salt mixtures, 28 
of mixture of acids, 29, 32ff 
of mixture of bases, 31 
of salt solutions, 24, 26 
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Hydrolysis constant, 23 

Hydrolysis of salts, 22, 26 

Hydroquinone, determination of, 286 

Hydroxylions. See Bases 

Hydroxyl ions, titration using Hg-HgO 
system, 195, 227 

Hypobromite, determination of, 283 

Hypochlorite, determination of, 281, 282 

technical preparation, 258 


Indicator electrode. See Electrode 
Indigo, determination of, 247 
phenols, 305 
sulphonates, 305 
Inflection potential, 70 
in halide titrations, 167 
Iodate, determination of, 237, 280, 300 
Iodide determination: 
indirect, 283 
in presence of cyanide, 236 
in presence of other halides, 199ff 
with bromate, 257 
with dichromate, 251 
with ferricyanide, 267 
with iodate, 252 
with mercury, 187, 191, 200 
with permanganate, 234 
with silver, 166, 199 
Iodine, determination of, 283 
Iodine electrode. See Electrode 
Jon exponent. See Exponent 
Ionic reactions, 1 
classes of, 3 
Ionization constant of water, 19, Table 
IUD v7 
Ions, 1 
Iron determination: 
in presence of copper, 293 
in presence of uranium, 244 
in presence of vanadium, 244 
traces, 251 
with bromate, 255 
with dichromate, 250 
with permanganate, 241 
with stannous chloride, 305 
with titanous chloride, 292 
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Lead determination: 
in presence of zinc, 272 
with ferrocyanide, 272 
with iodide, 202 
with sulphide, 193 


M 


Magnesium determination: 

as hydroxide, 209 

in presence of calcium, 209, 229 
Manganese determination: 

in fluoride solution, 247 

in steel, 284 

Volhard method, 247 
Manganese sulphide, 194 
Mercuric chloride, 186 
Mercuric nitrate, 186 
Mercuric perchlorate, 186 
Mercuric salts, determination, 195, 201 
Mercurous chloride. See Calomel 
Mercurous nitrate, 186 
Mercurous perchlorate, 186 
Mercurous salts, halide determination, 

195 
Mercury electrode. 
Methylene blue, 247 
Millivoltmeter, 145 
Molybdenum, determination of, 246, 
301 

Motor stirrer, ionization of air by, 162 
Miiller system, 150 

in halide determination, 167 


See Electrode 


N 
Neutralization, 204ff 
curves, 90, 93, 95 
of acid mixtures, 99 
weak acid, 94, 95 
principles of, 88 
relation: inflection and dissociation 
constant, 97 
Nickel, determination of, 176 
Nickel sulphide, 194 
Niobium, determination of, 246 
Nitrate, 304 
Nitrite determination, 304 
indirect, 237 
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' Nitro compounds, 304 


N. C. E. (=normal calomel electrode), 
234 

Normal element (standard cell), 134 

Null-point instruments, 135 


O 


Oxalate, determination of, 239 
Oxidant, 50 
determination of mixtures of, 68 
Oxidant-reductant ratio 
and potential, 45 
and total concentrations, 61 
change on precipitation of one com- 
ponent, 68 
near equivalence-point, 62 
Oxidation, electronic conception of, 40 
Oxidation-reduction: 
capacity, 45 
curves, 110ff 
intensity, 45 
reactions, 42, 232 
Ox : Red ratio, 59 
equivalence-point of, 55 
general considerations, 50, 64 
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Periodic acid, 281 
Permanganate, 298 
Per salts, 304 
Phosphate, 179 
Pinkhof system, 148 
criticism of, 151 
Polarized electrode. See Electrode 
Potential break, 74, footnote 
Potential. See Electrode potential 
Potential, equivalence- (or equival- 
ence-point), 70 
inflection, 70 
Potential jump, 74, footnote 
Potential, normal 39, Table II, 325ff 
and equilibrium constants, 48 
oxidation-reduction, 43 
Potentiometer, 143 
measurements with, 144 
students’, 144 
system, 141 
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Potentiometric method, 133ff 
conditions for, general, 121 
special, 122 
platinum electrode for, 163 
practical details of, 160ff 
Precipitation ratio, 13 
Precipitation reactions, curve of, 88 
principles of, 3ff 


Q 
Quinone, 286 


R 


Reactions, partial, 125 

Reductant, 50 

Reductants, analysis of mixtures of, 68 
Reduction, electronic conception of, 42 
Resistance box, 142 


S 


Salts, hydrolysis of, 22, 26 
Selenium, determination of, 302 
Silver cyanide, complex, 35, 101, 104 
Silver determination 

as chloride, 181ff 

as thiocyanate, 196 

in medicinals, 173 

in photographic films, 173 

in presence of colloids, 182 

in presence of copper, 196 

with platinum electrode, 182 
Silver electrode, 164ff 
Silver ferrocyanide, 273 
Silver sulphide, 193 
Sodium sulphide, purification, 192 
Solubility exponent, 4 
Solubility product, 3, Table V, 330 
Solubility product and ion concentra- 

tions, 4, 7 

Solubility product of a metal, 41 
Solubility quotient, 41 
Standard cell, 134 

unsaturated, 134 
Stannic or stannous. See Tin 
Stirring, and polarization, 161 
Storage battery, 133 
Sugar, determination of, 264 


Sulphate, determination of, 272 
Sulphide determination 


in presence of other substances, 179 


with mercury, 191 

with silver, 179ff 
Sulphite determination 

with bromate, 253 

with hypochlorite, 257 

with iodate, 253 

with permanganate, 239 
Sulphocyanate. See Thiocyanate 


it 


Tellurium, determination of, 280 
Thallous salts, determination of, 201 
Thiocyanate determination 

with iodate, 254 

with mercury, 188 

with silver, 170 
Thioindigo, 247 
Thiosulphate 

determination with mercury, 195 

determination with silver, 180 

reduction with, 285 
Tin determination 

as sulphide, 193 

with dichromate, 251 

with ferric salts, 263 

with permanganate, 246 
Titanium, 246 
Titanous solutions, 288 

stability, 290 

standardization, 291, 292 
Titanous-titanic potential, 287 
Titration error, 85, 79ff, 83, 115ff 
Titration with various reagents. 
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Treadwell system, 149 


U 


Uranium determination 
in presence of iron, 244, 295 
in presence of vanadium, 245 
with permanganate, 242 
with titanous salts, 295 


See 
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V 


Vanadium determination 
in presence of chromium and iron, 
245, 274, 275, 277, 278, 279, 299 
in presence of iron, 244, 245 
in steel, 246, 275, 277, 278, 279 
with permanganate, 245 
with titanous solution, 299 
Vanadyltrivalent vanadium potential, 
299 


WwW 


Water, ionization of, 18ff, Table III, 
327 


Weight, atomic, Table VII, 333 


Z 


Zinc determination 


accuracy of, 269 

as sulphide, 194 

indirect, 240 

in presence of cadmium, 272 
in presence of lead, 272 
with cyanide, 178 

with ferrocyanide, 268ff 
with thiocyanate, 189 
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